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PLASIA REACTICN STUDIES

1. Introduction

Air Force Contract 19(604)-7405 was divided into two phases. Phase
1 was to review existing “knowledge" in all aspects of the atmospheric
environment and at:ospheréc physics.pertinent to the problem of rf-
breakdown. The results of this review (and approximately 90% of the
Final Report) were published in book form and distributed among the
co-contractors on the breakdown problem. It was anticipated that the
review'could, if used properly, materially ipcrease the cogency in the
experimental programs in rf-breakdown and in the interpretation cf
these experimenté. Accomplishment of this limited objective need not
izply that tRe solution of the preblem of predicting rf-breakdown
thresholds and the properties of the resulting plasma for all types of
terrestrial envirozzments and at all altitudes have been motivated. It
dees, however, mean that the workers in the field are acquainted with
the cerrescrial enviroament as well as all the productive and loss
mechanisms of electrons - a state of awareness which apparently did

not exist prior to the publication of the review.

Phase 2 was z2 obvicus reaction to Phase 1. 1In essence, its c¢bjec-

ive was to list wars and means for filling some of the gaps in existent

(a1

kncwledge concerning both the terrestrial environment (ambient and

serzurbed) and the rany particle-particle and particle-field interac-

tizaz ' ot in corzil determine the characterisctics of breakdown. More




‘s and means were to include both laboratory (Phase

s .
specifically, the way

2, Part A) and upper atmosphere prograxzs (Phase 2, Part B). For con-
venience of presentation, both types of recommendations are included in
this single document. The order or presentation is selected to follow

the scheme of tne review and does not imply priority of effort.

As a®result of the totality of éfforts in the field of rf-breakdown,
two important characteristics of thg problem were recognized. First,
the-phenomenolqgical theory of Ailis, Brown, etc., becomes less appro-
priate with decreasing pressure - at least for those cavity experiments
of limited size. breovér, the departure from theory is in a sense
such as to over-estimate the breakdwon power. For some configurationms,
it may be possible to clarify the picture by increasing the dimensions

of the cavity, yet this has its inherent drawbacks since there is a

corresponding increase in the uncertainty concerning the particular

transmissi:n mode of the rf perturbrtion.

Second, a reliable extrapolation of the cavity experiments (even
if the previous objection to the phencrmenological theory can be elimi-
nated) must be cousidered unlikely in view of our relative ignorance

of the composition of the upper atmosphere and the roles of the many

breakdown characterisrics. The preoper theoretical approach would be

the more complex Boltzmann equation uiose total solution unfortunately

renains beyond the present state ¢ the art.




There are ways and means of improving the overall posture of the

state of knowledge concerning the interactions of rf erergy and slightly

ionized gas - extending of course to the phenomenon of breakdown. It is

with this general improvement (in the state of the art  n mind) that a

program is suggested. The following list of items delineates the hroad

prospective of the program.

¢

()

3)

(4)

()

6)

(7

Measurements of density, temperature and composition

Measurements of the solar flux, absorption and ionization

cross sections
Reaction rates from ion cloud releases and from simple
léboratory experiments using photo-ionization and photo-~
aissociation
Photo and electron impact transition probabilities of

)
molecular sp;cies.
Radiation losses in ri-excited plasmas obtained by the
spectrdmetric monitoring of the Bailey, Gordah and Bowles
experiments; and the theory of radiation Zrom plasma
inhomogeneities )
Existing solutions.tg the Boltzmann equatiocns, the basic
postulates involved, and the pertinence of these treat-
ments to the rl-breakdown problem. VWhere possible,
suggestions are made for setting up a tractable simpli-
fication of rf-breakdoun.

A test of Item & can be made by applying the theory to

the Stanford experiment of breakdown in a spherical

cavity by a remeccte rf antenna.




(3) A direct experizezzzl attack on the breakdown problem
by devising a rockez-borne breakdown experiment.

(9) rf-breakdown in atzospheres perturbed by nuclear detona-

tion and chemical seeding.

In the follewing sections, each of these topics are discussed in

greater detail.

I




2. Tie Upper Atmosphere

Of the physical parazeters of the upper atmosphere that are of
pertinence to the program of rf-breakdowﬁ, the most important are density,
composition, and temperature. Each of these parameters has been the sub-
ject of consideraﬁle study; yet, none is in a satisfactory state at the

[ ]

present time - particularly, in regard to the requirements of the rf-

breakdown problem.

The review has pointed up many of the variations in density and
. !
the sources of these variations. The relation of density to such as-
pects as the GSP angle (diurnal variation), the geomagnetic latitude
(charged corpuscules),vand solar activity have been discussed in detail.

But most of these characteristics have been established by the integra-

tion of measurements over several satellite periods. s e -

On the condition that an upper atmosphere rf-experiment may be
performed which requires the local density {and perhaps the demsity

profile) for proper evaluation, this datum would not be available.

Furthermore, no reliable data exist concerning the possible derivations
from “normal “ehavior" described in the review. Consequently, we adve-
cate methods by which density may be measured continuously from the

ground. In Section 2.2, the advantages of utilizing laser instrumenta-

Iad
e
o
o)
[5]
n
1
'3
14
O
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ptical transmitter-receiver are given in dezail. &s in
the case of the present coptical density measuring devices, Ravleigh

scatter fronm individual —olecular and atenic species provides the Fasic

—echanism.




The utility of the laser device depends upon the pulse width (basic-
élly the time required for avalanching of the photons), the power trans-
mitted, ana the receiver.éeﬁsi;ivity. Pulse width must be small if
spatial resolution is to be obtained, and/or scatteringifrom the denser
atmosphere eliminated by time-gating. Large transmitting powers, excel-
lent collimation and high sensitivity which are characteristic of the
laser are exactly the requirements for a successful density measurement

via Rayleigh scatter.

Above balloon heights, the composition is not well known, and
therefore the roles of dissociation, mixing, diffusion, etc., have been
the subject of considerable conjecture; The problem is inherently more
difficult than that of the denéity, temperature, etc., particularly
since trace species may be of considergblé importance. If laser instru-

[ ]
mentation can be built with sufficient power, sensitivity, and resolu-
tion, it may be possible to use this device in composition studies.
The basic idea would be to suppleéent ordinary non-resonant scatter
with resonant scatter by the appropriate choice of the frequency. This
may mean selecting frequencies in the'infrared or near UV, and possibly

a fundamental extension of the principle of stimulated emission. The

background may also limit the tool to night-time use.

A more irmmediately available instrument is

(ad

he mass spectrometer
(“erzog version of the Redhead Gauge) presently being used to get the

He density profile. The instrument can be used equally well for any

3

. . . . R 4 -
specie and has an absolute limit of 10 molecules em 7, or 2t atrmos-

rromn s 8 gons
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pheric pressure can detect a trace material vhose density is 10 of

the total. Of course, the instruzent must be rccket or satellite-borne;
this is perhaps less ccanvenient and more expensive than ground-based
measurements. Details of the system are given in Section 2.2.

2.1 Lasers for Continuous Density, Compositican and Temperature
Measurements*

In the past, the scattered light from searchlight beams has been
used in measurements of upper atzospheric density. The recent develop-
ment of lasers and masers (sources of highly monochromatic coherent
radiation of high total power and extremely high power per cycle per
steradian) has made feasible their utilization as geophysical probes.
Lasers may be employed in making the following reasurements:

(a) Measurements of density and hence temperature as a func-
tion of height to 75 kms and®possibly higher to 100 kms.

(b) Measurements of height distribution of various atzospheric
species via e.g., a2 laser in the region 2500-30008 for
ozone or ana fraser ia an appropriate IR region for other
species (COz).

(¢) Possible reasurement of winds at extrome altitudes by
means of the Doppler shift of the extremely narrow wave-

band .

(d) Possible mearurezen: of temperature througlh Doppler shift.

(e) teasurement of dus: lavers and micro-meteorites.

Py

“Taken in part from J. Pressman (GCA).




2.11 Description

The laser as a source has several unique aspects. First of all,
light emitted is coherent and this coherence is both latitudinal and
longitudinal. So then the laser acts in the manner similar to a radio
transmitter. This coherence arises fgndamentally out of the nature of
the induced emission process. A second major property is that of mono-
chromaticity; this monochromaticity is such that the line emitted has a

width much less than the natural width. A third important feature is

the very narrow angle of divergence of the beam. The final feature is

the large amounts of light power that can be generated.

Amplifiers and oscillators using atomic and molecular processes, as
do the various varieties of masers, may extend far beyond the frequency
range which has been generated electronically into the infrared, the

optical region, or beyond. Such Eechniques have realized the attractive

“ promise of coherert amplification at these high frequencies and of gen-

eration of very monochromatic radiation. As it was attempted to extend
maser operation towards very short wavelengths, a number of new aspacts

and problems arose, which required quantitative reorientation of theory

and considerable modification of the experimental techniques used.

In the follewing discussion, roughly reasonable values of design
paramarers will be used. For comparison, the characteristics considered
will be presented for masers
cperatinz in the normal zicrowave rarze. Here an unstable enmsemble of

atomic or molecular svstems is intrcdeced into a cavity which |

aas one

w




resonant mode near the radiative transitions of these systems. Such an
ensemble may be located in a wave guide rather than in a cavity but

again there would be typically few ques of propagation allowed by the
wave guide in the frequency range of interest. The condition of oscilla-
tion of n atomic systems excited with random'phase and located in a cavity

of appropriste frequency may be written
n 2 hV A vA(4n uZ Qc) ' - (2-1)

where n is more precisely the difference N in the number of system

1™
in’ the upper and lower states, V is the volume of the cavity, A v is the
half-width of the atomic resonance at half-maximum intensity, assuming a

Lorentzian line shape, p is the matrix element involved in the transition,

and Qc is the quality factor of the cavity.

The energy emitted by such a maser oscillator is extremely mono-
chromatic, since the energy produced by stimulated emission is very much
larger than that due to spontanesous emission or the normal background of
thermal radiation. Tﬂe frequency range over which appreciable energy is

distribucaed is given approximatraly by

2 . .
2w = b2 kT (L »)™ /P (2-2)
where & v is the half-width at haif-wmaximum of the reccnant response of

constant, and T the absolute temperature of the cavity walls and wave

guide Since in all maser oscillators at microwave frequencies,




P >> kT o v, the radiation is largely emitted over a region very much

smaller than A v, or Sy < < A v.

The necessary condition for oscillation zay be obtained by requiring
that the power produced by stimulated emission is at least as greét as

that lost due to all loss processes. That is,

e 12 2 C
wEl " hvnsE ¥V .
( n ) bnAy T 8 t : (2-3

where p' is the matrix element for the emissive transition, Ez is the
mean square of the electfi; field (for a multi-resonant cavity, EZ may
be considered identical in ;ll'partsAof the cavityj, n is the excess
number of atoms in the upper state over those in the lower state, V is
the volume of the cavity, t is the time constaat for the rate of decay
of the energy, and A v is the half-width of tke resonance at half maximum
intensity, if a Lorentzian sﬁape is assumed. The decay.time t may be
written as 2x v/Q, but may also be expressed in terms of the reflection

coefficient @ of the cavity walls.
t = 6V / (1-0) Ac : (2-4)

where A is the wzll area and c the velccity of lLight. —For z cube of
dimensicn L, t = L / (l-&) ¢. The coadition Zor oscillation from

Eq. (2-3) is then

n > oSy h(l‘a) Ac
ST 2 2

y 16 "

(2-5)

At low pressure, most infrared or optical transitions will have a

width 2 v determined by Doppler effects. Thex the resonancz xzlf-widch

10




%
Ty 2k . .
Ly = §~ (—;1 an) \2-6)

where m is the molecular mass, k is Boltzmann's constant, and T the

temperature. Because of the Gaussian line shape in this case, Eq. (2-5)

becomes
: h (1-0)Ac .
a2ty 200 r (2-7)
162" ¢~ (xln2)
or
' 5
h(l-a)A ! 2kT
R272 2 | am -8
16a™ p 1

It may be noted that Eq. (2~8) for the number of excited systems
required for oscillation is independent of the frequency. Also, this
number n is not impractically large. If the cavity is a cube of 1 cm

18

dimension and @ = 0.98, i = 5x10° ° esu, T - 400°K, and m ~ 100 amu,

one obtains n = leds.

The minimum power which must be supplied in order to maintain n

systems in excited states is
P - nhu /s (2-9)

This expression is independent of the lifetime of the excited species.
However, one must consider that if there are alternate modes of dacay of
each system, as by collisicns or other transitions. the necessary power
may be lar

the svstenm involvad. Furthermore, some quantum of higher frequercy than
X : 3 g 3

that emitred will normzally be requirsd to excite the system, which will

i1




increase the power somewha; above the value given by Eq. (2-9). Assuming
the case considered above, i.e., a cube of 1 c¢m dimension with o - 0.98,
A= 104 A, and broadening due to Doppler effect, Eq. (2-9) gives

P = 0.8x10.3 watt. Supply of this much power in a-spectral line does

not seem to be extremely difficult and obviously has already been

accomplished. .

The power generated in the coherent oscillation of the maser may be
-

extremely small, if the condition of instability is fulfilled minimally,
and hence can be much less than the total power, which would be the order
of 10”3 watt, radiated spontaneously. However, if the number of gxcited
systems exceeds the critical number appreciably, then the power of stimu-
lated radiation is given roughl} by hv times the rate at whiéh e§cited
systems are supplied, 1if the egcitation is not lost by some othergprocesses.
The eiectromagnetic field then_builds up so that the stimulated emission may
be appreciably greater than the total spontaneous emission. .For values even
slightly above the critical number, the stimulated power is of the order of

the power nhv/t supplied, or hence of the order of one milliwatt under the

conditions assumed above.

The most obvious technique for supplying excited atoms is excitation
at a higher frequency, as in optical pumping or a three-level maser system
The power supplied must be larzer than the emitted power in Eq. (2-8). It
is not necessary that the pumping frequency be much higher than the fre-

guency enitted, as long as the difference in frequency is much greater than

%TI/k, which can assure the possibility of negative temperatures® Since, for




the high freguencies required, an incoherent source of pumping power

must be used, a desirable operating frequency would be near the point
where the most quanta are emittea by a given transition in the discharge
or somerther source of high effective temperature This maximum will
occur somewhere near the maximum of the blackbody radiation at the effec-
tive temperature of such a source, and most often in the visible or
ultraviolét region. The number of quanta required per second would
probably be about one order of magnitude greater than the number emitted
at the oscillating ffequency; so that the input power required would be
about ten times the output given by Eq. (2-9), or ten milliwatts. This
amount of emergy in an individual spectroscopic line is, fortunﬁtely,
obtainable in electrical‘discharges and this technique has been developed
by Javan.

«

Monochromaticity of a maser is very intimately connected with its
amplifier noise properties. If there is considered first a maser cavity

for opﬁical or infrared frequencies which supports a single isolated mode,

then as in the microwave case, it is capable of detecting one or a few
quanta, corresponding to a noise temperature of hy/k. However, at a

. . . : ; 0..
wavelength of one micron, this noise temperature is about 14,000°K, and

hence not remarkably low. Furtherwmore, other well-known quantum detectors,

such ags a photoelectric tube, are capable of Jdetecting a sin

W

t such frequencies, a maser has no great advantage over well-knowm

. ]

techniques in detecting small numbers of quanta.

v
i

ry
r
Y

There is now examined the extant to which the normal line widch of

emission spectrum of an atomic system will be narrowed by maser acticn, ¢

4]




hence how monochrcmatic the emiésion from an infrared or optical maser
would be. Analysis was made by Schawlow and Townes of the number of
excited systems required to produce stimulated power which would be as
large as spontaneous emission due to that of a‘multimoée cavity whose
frequencies lie within the resonance width of the system. They assumed

o
for the moment that a single mode can be isolated. Spontaneous emission

into this mode adds waves of random phase to the electromagnetic oscilla-

tions, and hence produces a finite frequency width which may be obtained
by analogy with Eq. (2-2) as

By, = (bx hu/P) (& )2 | (2-10)

where A v is the half-width of the resonance at half-maximum intensity,
and P the power in the oscillating field. Note that kT, the energy due

to thermal agitation, has been replaced by hv, the energy in one quantum.
Usually at these high frequencies, hy >> kT, and there is esseﬁtially no
"thermal" noise. There remains, however, "zero-point fluctuations" which
produce random noise through spontaneous emission, or an effective tempera-
ture of hv/k.

. . . . -6
For the case considered numerically above, 42 hv A v/P is near 10

when P is given by Eq. (2-9), so that i_yﬂ__ ~ 10-6 Ay, This corresponds
aC

to 'a remar<ably monochrematic emission. However, for a multimode cavity,

o Y 84 49
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is separated from the large number of undesired ones, would the rather
monochromatic radiation stand out clearly against the much wider fre-

guency distributiocn of spontaneous emission.

The above analysis has been given in some length to indicate the
technique of construction of the laser so as to have an adequate concept
of the power range, wavelength range and degree of purity of the light
emitted. This analysis follows closely Schawlow anY Townes' develophent

which is basic to an understanding of the physics of laser operation.

2.1.2 Summary of Existing Laser 'Hardware" and Potential Developments,

The preceding paragraphs have delineated the physics. of the laser
device as part of the necessary background for the uses to be discussed
later. It is the function of this section to present a broad view of the
present state of art in this field as well as its potential development

so as to place ourselves in an adequate position to discuss the design

of laser geophysical probe devices.

2.1.2.1 Laser "Transmitters"

First,as a preliminary set of remarks, it must be said that the laser

fis2ld is moving forward extremely rapidly. Steady improvements are being

ziz in power emitted, rangs of wavelengths available, modulation capability,

ani total system efficiency At present, one-half dozen lasers are available
s :ff-ﬁhe-shelf items. In Table 2-1 are given, for example, the character-
iszizs of "Vireo” lasers, presently commercially availabie. 1In addition,
mz-¢ laser ccmponents such 23 crystals, Fabry-Perot end-plate, ligh:t sources
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for optical pumping, etc., are tommercially available for use in the

construction of special laser devices designed to meet specific needs.

Present ruby masers have produced pulsed optical beams of 10 kilo-
watts power or still shorter pulses of perhaps 100 kilowatts peak power.
This radiation is concentrated in a band-width of about 0.02 cm-l.

Another type of maser, operating continuously at about 0.02 watts, emits
.a wave which has been shown to be in phase over the emtire maser reflector

"surface and to be concentrated in a frequency interval of about 10 kilo-

cycles. There seems to be no general reason, other than the necessary

dissipation of power, why solid state optical masers cannot operate con-

tinuously at high power and with a short-time monochromaticity close tc

theoretical expectation or hence with a frecguency width very much less

than 1 megacycle/sec.

If a laser produces a wave of wavelength )\ with comstant phase over

a surface of diameter d, the angular width of the radiating beam is

approximately A/d. This can be reduced still further by use of an auxil-
iéry optical system such that the angular width may be reduced to )/D
where D is equal to the diameter and focal length of rhe lens. The con-

clusion here is that thc angular divergeance of the beam is limited only

by the optical distortions of the svstem and not by the pature of the
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I~ Flux/(x/D)z = 1018 watts/sterad at 5000 A, or'pgr wave number

Iv - 3x1022 watts/sterad cmﬂ1 for a bandwidth of A v = 3x].0.S cm-l

In addition to the chromium doped ruby, lasers are also being developed
using samarium and uranium doped calcium fluoride. These give a variation

in wavelength and are more adaptable to CW operation. At present, solid

state continuous wave operation is on the verge of actuality.

Continuous wave operation by means of gas discharge has already been

(2-2) at Bell Telephone Labs albeit at relatively low

achieved by Javan

energies. At present, systems are already being designed in the megawatt

to 10 megawatt output region by various groups for pulsed operation.

2.1.2.2 Laser Receivers

As mentioned earlier, some conventional devices such as photomulti-
pliers have the capability of detecting a few quanta so that no great
advantage is gained here for the use of a laser receiver. However, the
major advantage of such a receiver is that it rejects tc a; extremely
large degree extraneous background light and also provides a nearly

noiseless receiver. This would hold true even when such a receiver

would be aligned with the sun.

Such receivers are not presently on the market and commercially

available. However, such receivers, it is expected, will be announced

in the next few months. This instrument would be very sirmilar ir con-

n

struction to that of the transmitter. In the receiver, in contradistinctiovn




to the transmitter, the Fabry-Perot end pa;allel mirrors would be
slightly transparent. The major problem here is that the receiver must
be~exact1y matched to the transmitter, i.e., the receiver mirror spacing
must be in resonance for the transmitter signal. Additionally, the axis
of both receiver and transmitter must be parallel within a very closé

tolerance to reject extraneous background light.

The internai noise of the receiver, due to its own omni-direcﬁional
glow, is considered negligible. Also, thermal noise is considered insig-
nificant because the receiver operates at a temperature below that‘
necessary to emit energy in the visible portion of the spectrum. Hence,
the laser receiver has a very definite advantage over, say, a photo-
multiplier in this re§pectp Sucn an advantage may be minimized if
photomultipliers are used in conjunctionvwith very narrow band filters.

‘But such accessory filters cannot be expected to match the built-in

selective natural monochromatic response of the laser receiver,
2.1.3 Scattering of a Searchlight Beam

Because the Rayleigh scatter of a searchlight beam offers a simple
but effective method of measuring the density and temperature of the
upper atmosphera, it would be desirable if such a method could bz
extended to higher altitudes (above 60 km) by means of a laser beam.
The elements of ;he scattering technique are preseated in the fellowing

sectivas

receiver




at the altitude of interest. It is assumed, in the discussion that
follows, that the composition of the atmosphere remains constant. Pre-
vious.results confirm that the method of scattering can be described by
the Rayleigh law, in which it is assumed that the particles have diameters

that are small compared to the wavelength of the light.

Johnson and Jones have estimated the shape and magnitude of the
reflected signal. The discussion that follows, which obtains their

result, leans heavily on their presentation.

Data on the upper atmosphere are évailable from the Rocket Panel,

(2-3)

Elterman, and others. The magnitude of the pressure and tempera-
ture, up to at least 100 km, can be deduced from their results. Hence,
it is possible to calculate, nsing the standard gas laws, the number of

molecules per cc as a function of altitude.

Hulbert has given a convenient expression for the amount of light,
in lumens, that is scattered back per unit solid angle, per- cm length of

path, at an angle of ¢ to the incident beam.

2 2 2
io 2x ('p;)\-l) (l+cos™3)
ts 7 4 (2-11)

1

wiiere X is the wavelength of light, ;.. tha refractive index at wavelength

N

Y

)\, n the number of molecules per cc and_io the, incident beam flux im lumens
We also nave

w, -l =0 n {2-12)
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with a value of 1.08x10 “~ for ak as given by Johnson, Meyer, Hopkins
and Mock.(z-a) Since the variation of a& with wavelength is small, its

value for these calculations may be taken to be a constant.

The Rayleigh formula is known to be incorrect by a factor of two.
If all of the above relations are coﬁbined, we find that the intensity
of the back scattered light, in lumens, for ¢~0, per lumen incident, per

cm length of beam, per unit solid angle, is

i =9.05 x 1008 ¢ n (2-13)

The intensity of light.teaching any particular altitude is equal to
the intensity of the light source multiplied by the transmission factor
up to the altitude. Similarly, the intensity of tﬁe back scattered light,
reaching the receiver, is equal to the intensity of the light scattered

in the backward direction multiplied by the same transmission factor.

The transmission losses are due to two factors. The first is due
to molecular scattering, and applies for all altitudes. The second is

due to large particle scattering and applies only to the low altitudes.

The transmission losses that are due to molecular scattering can be
computed from the Rayleigh formula
g = = (2-145
4 ( J
3\
which is obtained from Eq. (2-11) by integration over a sphere. Upon so

doing, Jchuson and Jones conclude, taxing into account losses in the

-

lower atmosphere, that the transmission losses zre not great and result




in a torzl transmission of about 857 for the first 50 km while the

losses abave 50 km are negligible.

The intensity of the back scattered light entering the receiver

searchligkt is given by

i, = const n x a/h° - (2-15)

where A is the area of the receiving mirror and h is the altitude.

Utilizing the available data for n, the size of the searchlight, etc.;

a plot of the expected scattered signal may be obtained. Figure 2-1,
(2-5)

taken froz cthe paper of Johnson and Jones, shows the estimated

signal.

If negligible losses in the searchlight beam abové 10 km are

assumed, then the ratio of the signal for any two altitudes is
2
no-ong (S/So) (h/ho) (2-16)

where S rapresents the-magnitude of the signal from altitude h at the
receiver If the lower altitude is accessible toe the radiosonde, it
then beco—=as possibie to compute the densitv profile, with the radiosonde

altituda zs the roference altitude.

Iz is important to vote for further rsference, that betwesen 15 and

60 km thsar= is a éha:ge in the lizhz sigral covering four to five orders
of magnizuie; whereas, from the ground to 60 km the change in the lighe
signal covars 10 ordars of magnitude as can be seen from Fig. 2-1 n

Fig -2 i1s given direczly the Ravleigh scatter "reflectivizy™ for back
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scatter as a function of altiﬁude and in Table 2-2 the data for 4000

and 2000 A are tabulazad.

In Fig. 2-3 is given an example of Elterman's results for density

and temperature.

2.1.4 Analysis of Laser Possibilities as Geophysical Probe

The purpose of this section is to indicate the géophysiéai poten-
:tialities‘of theruse‘of lasers in order-of—magnitude fashion. First,

there will be indicated its use in measuring densities.

2.1.4.1 Measurement of Densities

To obtain an indica:ion,bf pﬁe pcteétial use of iéserskforktﬁisA
purpose a siméie line of arguﬁeht‘will be used. Eltérman in his éxper;é
ments used as a source a carbon;arc'lamf; The estimated totallflﬁx in .
radiant energy wa;'about IOO‘watts spread over abopt 6000 A.';Thé.flﬁx T » -
for lasers continuousl? gperated can run to abouﬁ IOHkilowatts. This
gives a factor of increzse of about 106 in light outp;t. The nbrﬁal
atmospheric density decrezses eﬁponentiaily with a relaxation height 6f
approximately 8 kms for z factor of e. This gives an additionalyheight
for probing of about 35 Xilometers; so that since Fiterman's expasriments
routinely gave datavup zo 60 kms, the lzsers of the type mentioned should

go up to some 36 kms adiitional or to afeut 95 kms.

Furthermore, the czrbon arc is brozd-band, about 6000 A while the

laser has a width less zhan 1 A. This reduction in bandwidch zlicws che

.
(3%
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' © TABLE 2-2
. ATMOSPHERIC REFLECTIVITY (RAYLEIGH)
Altitude o _ R 1 : 1 .
kilometers - . Ncm - em (0.4y) n cm (0.2u) ‘
5000 1s2x10® 287 x107°  as9x 107t
200  295x10° 5574108 gezx107
L w0 1sxwt? 282 x10° % 450 x 10712 .
. so0 2.23x10® 42x107 674 x 1070
. s s3zx1t”  1s7x10?  2.53x107°
1 7.57x10®  La3x10® 229 x 107
5 C1.55 x 10? | 2.91 x 1078 4.65 x 1077
0 255 <107 482x 1of8 7.70 x 1077
] 25
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use of a narro&band-filter or laser reeeiver whick shouid cut eewn the
background illumlnat1on from the airglow by a facror of 1600. ‘Ihe exceed-
ingly narrow cone of diyergence'of the laserrwhich isuiessvthan 15’ of arc
gives when cempared to}Eltermen's inscrument, which had a dzvergence ef

1.5% a factor of geometr1ca1 narrcwxng of approwxuatexy 100. This should

~also improve the background noise by a large factor.

The iﬁprovement in baCkgtouud by this geometr1ca1 narrowlng is due

- to two main factors. First the natural background due to alrglow,

zod1aca1 light, star light, e€tc., is dimin1shed dlrectly by this narrowlng<
Secondly, because of the smaller acceptance cone the effnct of secOndary

scattering from the laser light itself is d1m1n1shed In the CW case thlS

is a direct effect. In the pulsed case this effect is due to a dimlnution

of tai&-off scatterlng which obscures the returning pulse from the high

alt1tudes

Also, because of the better hexcht resolutlon due to the smaller
volume anticipated by the transmitter and receptor cones, the measure-'

ments of temperatUres through the hrdrostatic equatio 2 can be more exact.

. As a check on the analogous ar::~e1t’v1a Eltercan’s experiment,

another cemputation is made ab initiz. We have

7
% AF

Foad_ o

ST 2

: k

'.-.'here '
F_ = total flux at reczivar
Fo = initial flux fre= :ranawz*tet

o
w
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. 3 '
Rayleigh backscatter from a one cm volume

-
]

length of scztrering volume

cross sectisa of receiver

]

h

height of scattering volume

We chose a setup similar to Biterman's. Let

h

.

L}

and

Hence,

1 km = 10° ems, AT

. nlod = 3x10

100 kms = 107 cms F = 10 kilowatts at 3000 A = 2x102? photons/sec

&2
10" cm (area of a two-meter receiving mirror)

14

4"

_ 3:(10‘1 x105x3x104x2x1022

F
T

the systems are

. ) a.
b.

C.

-a.

b

YR = 104 photohs - a detectable amount .1

-

The optimal technique to be used should be investigated.' Some of

1. Contiruous emission with crossed beams

steady signal
‘scatter modulzcas

‘rotating beam =ziiuiatred

2 Pulseé emission

total count of zzcurn

Sodr

eavelope analysis

i22 lzs2rs should measure density via Rayleigh

uP 2 comservativsix 73 kms, and probably higher up to possibly




A simiiaf argumeﬁt_holds for pulsed lasers which can run ﬁp to
10,000 megalumens (lumen = l.61x10.3 wétts at » of maximum‘visibility)
.compared to the 50 megalum¢ﬁ§ pfevibusly'used.b} Friedland gg_gl,(2-6)
“Also, the’pdlse léngth can be much shorter aﬁd hence minimizes the tai1+
.off problem that Friedland ran into. Hence; substéntialrrangé in alfitude

& - - v
probing seems probable over his results.

2.1.4.2 Measurement of Temperature

By use of the hydrostétic equation it is possibie to compute the
temperature from the density profilg’in a manner similar to previous

-attempts. The temperature, as a function of density, is:

o h
T=uR of godh-
| 5

where p = mean molecular weight. The high resolution of the laser
device offers the possibility-of mcre exact temperature profiles (due

to small angle of diVergenée),‘

2.1.4.3 Measurement of Atmospheric Constituents

The measurement of atmospheric constituents by the laser seems a
good possibility, particulzrly in the lbﬁe: atmosphere, e.g. ozcne.
'”Unfortﬁnately, good }asers in the far ultraviolet, < 2500 A are not
éractical but ih the near ultraviolef. ca. 3000 A such laseréﬂmay be
developed. Also, in the infrared regions many irasers will be available
shgrtlyf' Because of the infrared absorption of manj'cf ;he atmospheric»

gases 03, co,, etc., these irasers should be effective probes. The
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vertical distribﬁtion of the constituent would be determined froa cﬁe
scattering curve which would not behave in an exponential fashien and
hence ;he'deﬁiationsvwduld'be éttfgbuted tc absorption. Numerical
analyses héve’bgen made of this poséibility for the carbor arc and will

not be repeated here since the computing technique is similar.

The Russians have already made prototypé experiments of this kind

‘(without iasef).using v brqédband‘sources;

2.2 The Mass Spectrometer

Herzog'gs;él. of GCA have conétfucted and fiown fuggedized versions
of the Redheéd mass‘spectrqmeter. In essence, the instrument permits
the measurement of the pfofilé of a single atmo;phefié constithehﬁ. Iheb
sensitivitj'bf the i;gtrument is such as to permit the measuremeﬁt.éf
atﬁospheiic pressure of an impurity of one part in 1011 or af_much lower

pressures, a density of 10* particle§/cﬁ3.

The spectroneter has been operated extensxvely in the laborauary
and its performance has been quite satisfactory. Figure 2-4 shows a
helium peak obtained with the system. Figure 2-5 shows the ourput
currents as a function’of the pressure in the ion source The slight
deviation of the linearity is‘caused by bgtgassin and the remocz leza-
tion of the pressure gauge, and will be eliminated in the near futur
Censiderzble work has been done to improve the electrcn‘mulci§1ie:;

Electrical breakdown, which occurred frequently in the initial expari-
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The electronic equipment associated with the ﬁeiium mass spectroﬁeter'
~ may bé coﬁveniently classified into four main categories: the electrométer
amplifiers and the'threé sub-assemblies that.comprise the wainlpqye;
supplies, a regulated 26-volt sﬁpply, a s§ectrometér supply, énd a tnermal
regulator systeﬁ'to:elfminate vdléage drift due to temperaturg‘chéngesl
All units have been oberatedisatisfaétorily.

[ y . . . . .

Minzner has pointed out that on the basis of an assumed hydrostatic
equilibrium, the temperature profile can be obtained from the density
profile of é single constituent."Of éourée, the sensitivity of such

a determina;ioh would depend upon‘the scale height (and thefefore the

mass) of the selected specie.

Total densities could be obtéiﬁed.from:avsummation of several
spectroﬁeters or from the férenamed las§r instrumentation. |
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3. Sclar Flux, Photo-Tonization and Absorstion Cross Sections

The photon flux incident upon a region of the upper atmoéphere is
determined essentially by fhé solar flux (outéide fbé éarth‘s atmdsphere),'
the integrated absorpfion‘aqug the path {as determined 5y composition
and phd;o-absdrption cross seCtioné), and khe:photo-ionization crbss sectioﬁ
~in the region of iﬁtgre#t.v These parémeters then determine the soufce

function for ionization (in the rf-breakdown problem) which is external

to the imposed rf-field.

fhe gross characteristics of line emission and the.conﬁingpm in thé
;sélaf‘spectrum have been deiineated in fhe‘févicw. ’Tﬁe rqles of‘sblér‘,
:UVland x-rays have been motivated énfa semi-quantit#tive basis. iﬁ
addition, the phoéé-ionizatiqﬁ ahdvabsorption cross sections have'beén

reviewed and listed according to the preseat state-of-the-art.

There are some notable deficiencies in our information. For example,

we do not have information on:

(1) The secular and spatial variations in the solar spectrum outside
of the visible.

(2) The complete abseorption spedtra of the atmospheric species below

These parameters can be obtained. Photon counters and filters for

important lines such 2s monitoring of Lyzaa-: are available._ - These should

- be used oa satellites to provide a continucus monitoring of solar radiation.




' the'abgorption work can be done in the laboratory with improved iight o
sources. But the question isg VAre the variétions gn fhese parameters
critical to the rf-breakdown problgmqﬁ The answer at present is,tha;>
the sophistication of the tﬁéory'is so limited that these parameters
althoughkimporﬁant are not introduced into‘théjcalculations. 'Coﬁséduently,

. . [ ] . .
. it would appear that they indeed might even be deferred to a later stage

. E in the development of the theory.
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4. Reaction Rates

Because of the obvious importance éf the field of reactioﬁ"rates,to
e the behavior of Ehe atmqéphere, both ambient and pefturbed, thé field is
being very ac;i#ely pursued at thé'present time. The‘existenﬁe of such
a‘brdad program will then impqse certain ground rules for any suggestions .
on the impfovement of the currént st#te-&f-tbé-art. Inyshort, thesé are%
to reffaiﬁ from>dupli;ating'existing experimeﬁts and to avoid expensiVé '

- and complicated ;eEhniques that mightbrequifeJa considerablglexten§i§n |
of pfesent'capaﬁilities and‘therefote involve long periods of Lime‘before :
concrete reéulﬁs are obtained. Within tﬁis framework, the’following twb-

.féld prograﬁ inv&lving-both atmosphéric seeding and laborétory iﬁsfrgmen-
tatioﬁ is suggested,r |

- 4.1 Reaction Rates from High Altitude Chemical®Releases

: 4-1 ) \ .
Marmo et al( ) have indicated that chemical releases in the upper
atmosphere under varying conditions such as altitude, degree of solar

iiluminaticn (usin:

3]
rr

he atmosphers as a controllable screen), specie, etc.,
. ‘

can be used effectively to get rates for many of the reactions pertinent

te the dynamics of the upper atmosphere.

In a typical chenical rélease in the altitude regime of interest here
(90-120 k) alkali merals such as sodium, cesium, or lithium may be used.

which, combinaed with solar radiatien

in the creation of a swall percentage




of free electrons. The chemicals expand initially ¢~ approximarely ==

atnospheric Jensity and then continue to éxpaﬁd‘radial!y {but less
rapidly) due to diffusion processes. ’During this lacter phase of the - -
expansicn the electron populatisn is depléted by the various attachrent
pfocésses; Radar oBservations of the expanding electtcnvéloud then

measyre the rate of electron depletion. From this, from thte altitud-

deperjdence discussed above, from the fact that well-defined chemical
(ot électron) clouds can be seedéd at selected altitudes, and from the
- fact?that a wide selection of suitable chemicals for seeding purposes

are at the disposal of the investigator, one shouid be abie tu extraci

reliable values for chemical reaction rates of interest.

In general, the success of this tool depends upen several factors: '

(1) - The ability to produce and/or reproduce a particular chemical

release (e.g., reaction temperature, completeness gf reaction, ‘etc.).

(2) The ability to observe significant characteristics of the cteni-

cal cloud (electron density by radar, atoms by optical emissicn, etc.)}.

(3} The ingenuity of the researcher in the fabricacrion of mcdels

such that the various processes, say, the loss processas of electrens

v

(4-2)

by Marmo et al and the much more inclusive seriazs of releases &v




Rosenberg et al al(‘ . It might ba pbinted(out that the conclusien of :%ié
series of tests does not meau‘that there has heen full urilization cf the
electron cloud as a tool for investigating the’parameters of the upper
atmosphere. There are other uses (of the contamlnant rel ease) whirh have
prov‘ded the mot1vat10n and predoanated 1n the design of the tests,

: {» . . . P
The phenomenology of the release depends upon such pafemelers as

| chemlcal yleld of the contamlnant thetmal 1cn1zat10n eff1c1ency,‘
ambxpolar and neutral dxffus1on, photo ionxzatxon cross sectxons, chemical
consumpcion, etc. ﬁepending upon the percinence of cﬁe intetaciion €o

a pafticuler release, the invesfigater must be ablekto éﬁil out‘pieeemeal
each of these parameters,‘;ltwﬁould be remiss to enter into_akdetailee
descrietioe of each and the appropriate soletion'of eeéﬁ type of feleese‘
as a funeﬁion of altitdde, Actually, the dynamicskof the release is given
by the continuity equation,‘and the~soiﬁ£ions of a scofe of these

characteristic equations were given in Chapter 7 of Atmospheric Processes

However, it is advantageous to demonstrate that each atmospher1c para-
meter can be dlstxlled out 1f sufficient ‘ingenuity is applied. Considef;

for example, the parameter of diffusion. Figure (4-1) shows the appli-

1 ot

cation cf a particular mathematical model to a series of releases which

il

'.ao

varied in altituda. Ncte that the selected mathematical model of diffu-’
sion control is completely successful in giving the time history of the
release for releasz attitudes of 110 to 133 km. At 94 and 100 km,‘other

interactions such as chemical consumption and attachzent are important

enough to materialiv effect the electron demsitv. But, and this is the
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essence of the entire matter, the releases under a diffusion-controlled

configuration have made it possible to separate out the diffusion contri-

bution in the complex release. In a similar manner, each and every atmos-

. pheric parameter including rates of pertinent chemical reactions can

be defined or evaluated,

4.1.1 Radiative Attéchment to Atomic and Molecular Oxygen

An examination of a typical weaction is offered*as an example of the

dynamics of contaminant releases in the upper atmosphere;“the choice being

attachment to oxygen. The dominant processes of attachment of electrons

in the pertinent region of the uppcr atmosphere are:’

two-body radiative attachment
0+e=0 +hy
0+ ¢ =0+ h:

three- body attachment

: - *
02 e 02 - 02 + 02

RBiandi {ae well as Rlach and Rradbury at an ezrlier date) has measured

in the laboratory the three-body rate of attachment for molecular oxygen,

. .30 6 - -1
v [«

the resulring rate being of the order of 3 x I m sec . Similiar

(o

laboratory measurements on the rates of radiative attachment in molecular
oxygen have pot besen achieved in the laboratery. One reascoa, of course,

is the reiative spead of the cowpetitive procass cof three-body attachzent.

in order to circumvent this difficuliy, it is necessary to




smaller»prgssufes, bﬁt then the radiative flux becomes ccb-5hall te
measuré and/or wall effects become important. A; for atomic oxygen,
measurement on such a specie in the laboratory is not realxstic since
the lifetime is too small |

How radiative attachment rates of both atomic and molecular oxygen

can be accomplished by cogent'expériments in the upper atmosphere is

sketched as follows.

When a‘pOLnt release.elnctron cloud is formed the chemicéls exnand
almost immedxately to a particle density approx1mately‘that of the ambxeﬁt
after which they dlffuse outward‘much more slowly, Map release experiments

" have ihdicated that the radial particle distfibution in>tﬁé électrdn clou&
vis approximately Gaussian and remains so for a relatively'long petiod o£
time. Theiimpottant patameter fbf this di#tribution is the Gaussiéﬁv"
half-width r . The second im?értéﬁt'parametér is tﬁe diffusion véloéi:y
which is implicitly eontained in‘theldiffﬁsiqﬁ coefficient D; Both T,
and D have been determined rather acc;rately for many different altitudes
and for many different typés of chemical clouds» Above an altitude of
about 100-110 km (see Figuré 4-1) the chemical cloud e#pansion is clearly'
diffusion controlled and chemical consumption and turbuleﬁt processes are
unimportant. However, below these altitudes the latter two proceSséé do
become important, and though com pllCdtc the analysx the contriburions
cf_these;processes are separable.

The essential characteristics of releéges in the exponentially véfyiné -
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atmospheres are:

(1) In the altxtude regime between about 90 km and 120 km the
oxygen content in the atmosphere suffers a marked change,b At 90 km the‘
concentration of molecular oxygen is about 100 times that of atomic
oxygen; As the altxtude inctreases above 90 km the molecular oxygen
‘ iphoto d1ssoc1ates so that at about 105 km the concentratlons of

.molecular and~atomic oxygen are épproximately the same, and at 120 km

[ 2

the concentration of atomic oxygen is about 10 times that of molecular

" oxygen. These facts are clearly depicted in Figure 4-2 where the
atmospheric concentrations of atomic and molecular oxygen are shown as
functions of:altitude. The‘importence of this profile is that it enables

the 1nvest1gator to sort out three general alt1tude reglmes- chem1ca1

interactions involving molecular oxygen predominate say between 90 and_

_ perhaps 100 km, those involving atomic oxygen predominate above 115-120 km,

and interactions involving both atomic and molecular oxygen are jointly

importaut for altitudes like 100-110 km.

(2) Atwmospheric temperature and pressure both vary considerably

between 90 and 120 km. The pressure dependence should provide the
means of solatxng three-body reactions (these are more important at

the higher pressures, hence at the lower altitudes) from the t&o -body

radiative reastions which should be mors important at the higher

¢
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(3) Both atc=ic and molecular oxygen have strong positive electron

affinities whereas molecular and atomic nitrogen have negative affinities.

P

(4) Atmosphefic cénstitueﬁ:s other than oxygen and nitrogen are

present in only very small amounts, ' ‘ o .

(5) Ih the altitude regim;‘betﬁeen about 90 and 120 kﬁ chemical
seeding techniqués ;re particﬁlarly amgnable‘to‘chemical‘reaction'rate
X analysié. This is because chemical cbnsﬁﬁption is minimal aﬁd becaﬁsér
diffusion rates‘arg relative1y>slow thus Qllowing f§r>long observétiqn 

tirmes,

. Item (1) shéﬁld pfovide the me#ns éf.isoiating the rates of fadiafive
attachﬁent tq‘atomic and moletﬁlar oxygen. rltgﬁ ) shéul& enable one

to distinguish two-body radiative attachﬁent‘frqﬁ three-body‘attachment.
Item (3) can distinguish reactions involving oxygen ftombthose involving”
nitrogen. Item (4) extends this distiﬁctiﬁn to’all cbnstitugnts other‘i
than oxygen. And Item‘(S) exfeh&s’the ahalisis to coﬁsiituenté whiéh dor
not naturally océur in the upper atmospheré yet retains a correct

environment free of wall effects.

It is possible to state the case in a sophisticated manner: for

measurements at a sufficiently high altitude so that threa-bDody attach-

M

ment is not important but sufficieatly low so that the presance o

molecular oxygen is still important the attachment probability is

B = k;fo] + k, [0,] S (4-1)

I~
i
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where the brackets [ ] indicate concentrations. Then from several ' :

measurements of B at different altitudes, and from a knowledge of [0]

 and [02], we can in principle determine k1 and kz;
_ At the lower altitudes where three-body aicachmeht predominates

similiar expressions for rate constants of three-body attachment to

atomic and molecular oxygen could be obtained.

Collision cross sections g, may be simply obtained from the raté

constants ki in case the g; are temperétufe and pressure indépéndeht;

. The foilowing fofmuia i§ thén generéxly valid:

b /T | ni'- N\ - | ‘,
v, e mtYy G
where D, is the interaction énergy and,vir is the relaﬁive Qelocity,:
4,1.2 >AssociatiVe Detachment

" A second example of the scheme is the reaction of associative

detachment

_0 + 02 - 03 * ;

- s e o . ~ s -0 3
Dalgarno states that for this reaction a rate as high as 10 € sac
cannot be excluded. Yet a simple examination of the data on aigh altitede
chamical releuses indicates that a maxizum rate for this reaction is

-13 3 -1 ' '
10 ¢z’ sec . ; ‘ .

i~
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For an optimum effcrt in rates by high altitude releases, new
experiments wéuLd be conducted, and perhaps even new toolé suéh as the
Puerté Rico dish (émplbying incqhereﬁt back scatter of eléctrdns)
applied. Howevéf, in the quest efforf'proposed hefe, the.costs of cen-

ducting supplementary tests are circumvented.

4.2 ggbctibn Rates from Laboratory Program k‘ S

~ Marmo has suggested a group of experiments to measure some of the
present unknown rates employing such selective techniques as photo-
dissociation. For example, consider the much discussed reaction of atom-
ion exchange, which was originally assigned a rate by Bates asyhigh"as
=9 3 -1 i : -1 -1
10 ? cm3 sec = (later estimated as 10 2_cm3 s )
+ ‘ + :
0 +N2-»N0 + 0
- It has beenbéustomary in measuring rates of such reactions to create N
‘the ion specie by electron impact. Unfortunately, such a means is not

‘particularly selective, and a number of ionic species and excited states

are formed in addition to the one desired. This complicates the measure-

and photo-iozization to create a particular specie. -In the above measure-

ment, commencing with a mixture of N2 and 02, we have:

0, + hv (1470 or 8.45 ov) = 0 oy 0 Op)

0 (ID)'- hv (11,6 ev) - 0+ e

-_'.N ...‘++‘
0 - X, N0 N
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The ionization and disscciation energies of the gases involved are:
Jonization (ev) ,  pissociation {ev)
3 — A
o(C"P) - S -'13.6
1 ‘ - .
o{D) , » o 11.6 .
: .
02 , : ' 12.2 Lo 5012
N, ‘ - 15.6 e 9.76
NO R T
The energies of the selected photons are therefore such that fotﬁa:ibn
. e . - . . + + k
of NO' proceeds by a 'unique process. The ratio [NO'] [0'] as measured
in a mass’spec:tometer can then be related to the rate.
In summary, theﬁ, a modest program combining simplifed laboratory
measurément$ with the detailed study of release of contaminants in the .
upper atmosphere gives definitive results which can improve the existent
state-of-the-art for reaction rates.
'REFERENCES
-1 Marmo, T. F., Pressﬁan. J. and Aschenbrand, L. M., "Electren Clouds:
A Ceneral Survey", Physical Chemistry in Aerodynamics and Space '
Flight, Pergamon Press (1961). '
4-2 Marmo, F. F., Personal Correspondence.
4-3 Rosenberg, R, Project Firefly, AFCRL, Semi-Annual Report, ARPA . :
Order 42-60 {(March 1961). : : . T : .
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5. Transition Probabilities

" In the sequence of events leading to breakdown by the coupling of

-rf energy to a slightly ionized gas, inelastic collisions between elec-

trons and neﬁtralé‘result in the excitation of electronic, vibréﬁional;
and rotétional leveis. ‘The‘lifétihes 6f these leﬁéls (éssentially thef
inverse of the trcasition probability) thenldeteriine the energy loss
due to radiative ;ransitions. Whethef br nofrthe radiéted phofon es}
capes from the medium depggds_upbﬁ the populétion of the lower (enérgy)
statevand‘the phofo-ﬁrénsition probability. Ihé relative‘(05§i115tor) :
streﬁgths for the various means of exéitatioﬁ ére éiVen iougﬁly by tﬁe‘
charactefistic’figures fof electronic excitétion, 0.1 tp.O,Sﬁév,fo:
vibra;ional levels, and 10-2 tb>10-4 ev for totatidnél levels. Tﬁese
figures are to be compared to fhe‘averége energy gaih for elecérons
between coliisions; essentiélly all the energ& is randomized in a
single cq1115i0n’7the féqtor being_(l-mlu); In air‘ét an equivalent
altitude of 30 km? the breakdown field is of the order of-lO7 watts/mz.
Diﬁiding by ‘the fiow velocity yielas the energy densify (soEz) wﬁich

is of the order of 0.04 joules/m3, or E ~ 400 volts/qm. The mean free
path of electrons at this.altitude is about 5 x 10-4 cm, so that the
energy gain per collision is of the order of 10;2 volis, Since this

is of the same order of this vibra:ipnal energy increment, the impor-
tance of the cross sectioﬁs for these inelastic collisions is ¢learly
demons:rateﬁ. It‘appears that electfqnic excita:ioﬁ in oxygen nccurs
at 2.7 ev, but there is also evidence of vibratioﬁai excitation at a

- few tenths of an ev. The manner in which these various Eactdrs‘enter

inte the Bolrzmunn eguation is given in Secticn 7.2.
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The squect of trangit;on probabilities of all aﬁomic‘species which
are relavent to the ambient ét:csphere (an atmospheres contaminateduby’
particular chemical Seédings) has been adequately‘tregtedvby A. Nagvi in
égmogpheric Processes. To give an estimate of the accuraciés "conferred"

upon the values for atomic transitfons, it ié'considered that the theore-

tical values are good to + 107 while the experimgnfal uncertainty is +
30%. 1In spite of the fnability of the experimentalists to Subéténtiate
the theoretical results, the laiter-ate considered to be on’firm grounds

established by the quantum theory.

The question now is - what is to be done to advance the state-of-

the-art so as to provide information on transition rates which may be

- essential to”a_complete unders:anding of the mechanics of breakdown.

There are three steps which éuggest themselves and they are‘gi§en‘ih
the ordeerf inéréasing complexity as well as degrée of importance to
the g}eakdo&n problem. These are: First, to extend the calculations
on'atomic speciés fo otﬁer heavy étoms. These'aﬁomé can result from

nuclear detonations but the extzzsion may be more of esthetic than prac-

"tical valve. The second and mors fmportant step is to calculate the

transitibn probabilities of ths —olecular species (é.g., 02, NZ’ NO, etc.).

The former can be accomplished 3r a relatively simple extension of the

screening theories of Layzer (Szction 5.1). However, the problems intro-

duced by going to molecular spsciss (Section 3.2) are inherently more

complicated. The third step is o obtain the cross sections for excita-

tion of these varicus states br zlectron impact. Unfortunately, there

is no unambiguous procedure of srrloying the results of the more tract-

30




5.1 The Complex Atom*

The probability ampI{tude for a rédiati&e tfansition A-Bina
‘many-electron aéom is propo;tional, in a»first:apptoximation, to the
matrix elexﬁent <B]K . 3,yA> » where B is tfxe total electric mon#ent
of the atom and ;‘is the‘polarizatibn Qe@tor‘ofv;he absorbed of'emit;
ted photdn. if ogg”mékés fhe furtﬁer.approximatioﬁ of assigniné‘the
statgs‘A and B tprdefinife configurafidns, the maﬁri# eieﬁent reducés
to a produét Qf twovfaétof;, one‘invblving spin and'angulér_;dofdinéfeé
only, the other involving radial coordinates only. Since all @éttik"

. ele:énté connecting aAgiven paif’of configufations héve’;he same rédial'
factor, the séin;angular factof,‘whicﬁ éan be evéluéted by“meanﬁ.of
standard methods in the theory of atomic specffa, determines the rela-

- tive strengths ofVZeemanicoméénents in a line, iﬁhlines in a‘multipiet, ‘

. . and of multiplets in a transition arréy.~ Thd; the detefminatibn‘of

absolute transition probabilities hinges on the radial factor.

i One can allow for configuration interaction by assigning the
states A and B to mixtures of pure configurations. Once the components
in such 2 mixture have been chosen, their relative amplitudes can be
evaluvated vwith little difficulty. The transition matrix element

//'..—y -D.\ . - . . . . . ' .‘
NEN D:4> may therefore be regarded as a known linear combinarion

of zacrrix elements coanecting pure configurations, and the problem re-

nfiguration interaction =o longer
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fizures explicitly, thouzh in fact, as we shall see, its most important




" effect still remains to be taken into account.

The radial factor is proportional to the transition integral

_ o : S
T '21) = - -b
I(a2, r 4 ) . P;Z r Pn,z.dr R }( | (5 l)
where P,and P, are the radial wave functions of the active electron

in States A and B reépectiVely; The factor of proportionality is a

:'prbduét'of integrals of the type .
' B o .  (5i0y
1LGH= ¥, B, oar, R 2
, e ; . ‘

one for egch inactive electron, and is normally véry ciose td‘unity,
AItﬁOUgh the radial transition integfgl depehdé exélicitly on the
"radiai functions of a single eléétrdh, each of theée depends’impiicitly'
on the en;ire‘set of radial functions for thé-state iﬁ questién. ‘Thus,
if configuration inferaction is neglected, the best radialvfunctions for
a'giveh atoﬁic ;tate satisfy a set of simultaneous iﬁtegrodifferentia}

équations (the Fock equations), a typical member of which has the form

T, 2 Ly Z-5 ()
148 2@ ng = o+ 5-
[_2 L LED . — P,=E,P,+X . (53

r 2r ]

The screening function Sn” and the exchange function Xn,'are actually
v T E . )

functionals of all the radial functions in the set, and their foras de-

pend on the gurantum numbers S and L as well as on the configuration

quantum nunbers.

Allowing for configuration interaction by assigning the stzres A

and B to specific mixtures of configurations, one arrives by way of the

5?




variation principle at a set of "generalized Fock equations”. A typical
member of this set has éxactly the saze form as a typical Fock eQuatioh,
but the exéhange term an in the generalized eqﬂatioh’includes contribu-
tions arising:from confighration iﬁtera:tion as well as f:bm éxéhange;

This is the effect of configuration interaction.

Numerical solution of the Fock equations, even inithéir original

'fqrm, presents too many practical difficulties to serve as an adequate

basis for extensive éalculatiohs of f-values. ‘Besides, such a procedure

would tell very little about the accuracy of the fésults,b;Oﬁe needs to
simplify the’eﬁuatiéns; not'onlfvin order to be able to solve them, but
alsb‘in order to gain insigﬁt inté how vériéus aspecéé of théif stfuqture
‘affect the éccUracy of transition integtals-évaluaﬁed’Erom’their solu-r

. tipns.

Owing to the form of the integrand, the value of a typical transi-

tion integral depends strongly on the behavior of the radial functions

at large distances from the nucleus. This behavior is in turn largely

determined by the energy parameters relating to the active electron in

the initial and final states. "Finally, the energy parareters are related

v

to ionization energies whose values can e fcund by experiment. All

these relations are of fundamental importance to the problem.

5.1.1 Asymptotic Form of the Radial Func:ions

a

As r increases, Sn’ - N-1, where N is the number of electrons in the
& . . ’

system, and Xn” - 0, so that the Feck e::z:ion’for‘?n, reduces to the
Z : ' :

o

radial wave equation for an electrez in a Coulomb field,
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6.
1 & 20 z-N ] |
1 & | 2(+s) _z-N+ L o (5-
i T2 z 2 r th Enl P;l : (5 4)
dr = 2r
It then follows that i
.. 12 |
p,~a [Blrc il Dy zﬁ) (5-5)
nt n*” (a* + 2)! n*2:1/2 \ n
(Z=2-N+1)
where W . t 1/2 is Eﬁi:taker's hypergeoﬁ;tric function, and n*, the effec-

. 8
tive pr1nc1pa1 quantzz number, 'is defined by

2 s
R ‘
Enz > - (5-6)
2n*
’ The normalization factor A has been chosen so as to have the value £

when n* is an integer. Apart from this factor, the asymptot1c form of

- P;z thus depends-en:xrely on the value of E (or n )

The parameter En7 has a very simple interpretation.  Let U denote

. ‘ : ’ +
a given eLcctr?n coxfiguration minus an nf electron, so that (U) = (U')

(mZ). When the §y$:e: as a Qhéle is inaa 3efinite energy eigenstate T,
the subsvrstem whosz cozfiguration is v will noc normally be in a definite
cne of its energy elzsa ates but in a mixture of them. Let E(U*fF) de-
note the expectaticz vzlue of the energy of the subsystem when the system
. If E(CIT) denotes the absolute ehefgybof
che state ', then Z_. = E(UIT) - E(U I, Thus Ehz i‘s the expectation
value of the ezerzr of the system relative to the "ccre“ (defined a§ the

system minus an ol electron). This result re-ains valid if the state [

is assigred to 2 =ixz:iure of configurations instead of just orne.
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The energy of the core is not the same as the energy of the ion

formed by removing an nf electron from the atom. The former is always

numerically greater (smeller in magnitude) than the latter, because the

nf electron tends to shield its companions from the field of the nucleus.

'It’is convenient to define the energy'of a syeteh relétive ﬁd its
parent ion, E*(U IP), by analogy with the definition of E(U IP) Thus
' E*(U ,F) is minus the expectation value of the minlmum energy needed to
ionize the system° Though unconvent1ona11v defined this nuantity does
admit in principle of direct experimental determination. In practice,
onlyrfhe energies of the‘ionic stetes arevknown,‘noﬁ theirAprebebilities}r
- However, the latter can Be calculated by means of standard methods in =
the theory of compiex specera.q We may fhetefore look’uponktﬁe ene:gy‘
of a system telative to its parent ion as an observdble quantity. be— 1 - o %—

noting this quantity by W, ve have

W, = EW[D) - Ex@ D), R - - (5-7)
so thai
W, -E, = EQWr) - i:.*‘([] ir) >0, ‘ (5-8)

Tnis difference represents the effect of screening by the ni elec-
tren on the enersy of the core and need not be small compared with -¥W
Some recent quantitative studies show that in neutral atoms (W, - E )

o

is appreciable compared with -wn, vhenever the core contains one or

—ore electrons that belong to the saxze shell as the screening electron,

and increases vith the number of such electrons.  For the ground sta




of 0, with its eight L eiectfons. the contri>ztion of 2p electron to
the core energy turns out to be saveral times as great ‘as the ionization
energy itself. These studies also show ;hat the‘relatiQe izportance of
the screening contribution dimirishes with ircréeasing degree of ioniza-

tion along an isoelectronic sequence.

When the principal quantum number'pf the active electron exceeds
. the principal quantum numbers of all the core electrons, its cohtribu-

tion tobthe‘éore energy isvusually small,'though net always gegligible,

5.1.2 The Coulomb Approximation
A transition, and the states it connects, is "muasi-hjlrcgenic” if, in
both vtates, the principal quantum number of the active electron exceeds
the.principal quantum numbers of all the core electrons. Except in
alkali-like atoms, transitions to or from the ground states of many-

electron atoms rarely qualify for this label. ©On the other hand, quasi-

hydrogenic transitions between excited states are very coczon.

Most, though probably not ali, quasi-hydrcgenic transizions satisfy

the following two conditions:

1. The active electron shields the cora electrons so ineffec-

o = En’ﬂ‘

tively that W .~ E , and W _,
ne ne } n

2. The value of the transicion intezrzl depends zl-ost entirely

on the contributions from a range (rc,an) within which the rzdial func-

‘tions may be placed by their asy—protic forms.

(%]}
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If these‘conditions are ﬁulfilled and if ;hevehergies an and Wn,zf
are knoun froam experimenis, tbe ttansition integrel can be evaluated,
“apart from the nobmaliza;ion facters A and A’,’since it.cae be apbrdki- .
mated by an iﬁﬁegral‘over the reﬁge (rk, a;), within wbieb the integraﬁd

. is known to a good apprs <1matxon Extensive tables of such integrals

have been publlshed by Bates and Damgaard( these incorporate earlier

(5-2)

calculations of the same &1nd by Bylleraas. The principles under -

lying the approxlmatlon, however, have been exp101ted much earlier by a

number of authors, though in a less expliclt and less sys tematic feshion.

- o Let r

al denote the aveigge nuclear distanee'of an'electron whose
‘radial function is'l”nz(ruz"= P ZrP dr), and let denote the geometrlc
o
mean of rnl'and r ;,.. The pure number 1 -Quwith Q = I(n2, n'ﬂ’)/p,
&

measures the extent of cancellatlon between posxti ve and negative contri-
butions to the transitién integral I. By Schwarz's lemma, Q < 1, with
equality only vhen nd = n'l!, The smaller Qis, the more stringent be-

comes the second of the two conditions given above.

This conditicn may be writtea in the form

c _ .
P, % . dr<<g ‘ (5-9)
n: ol o<t .
o .
[f Q ~ 1, cthis inegualicy is weaker than the conditions
r r
c c
. 2 . 2 ' ‘ ‘
Pn;, dr <1 i, dr K1 (5-10)
] o ‘




for the normalization factors A and A’ to be close to 1, so that in some

circumstances one may be able to improve the approximation by using more
' ‘ ' (5-3)

accurate values for A and A' than A = A’ = 1. Seaton has shown how
to derive such values from the energy spectra‘in‘which th and wn’l' are

imbedded.

. N
Even when the two conditions that are necessary for the validity df
the Coulomb approximation are Satisfiéd, the QUantum defects n-n* and

n’-n®* may be sﬁbstantial. Only for very highly excited states are the

quantum defects negligible, These states are hydrogenic, not merely quasi-

hydrogenic. ~For them;~the Coulomb épprokimation is‘trivial. Thus the do-

main within which the approximation can ﬁsefdlly be applied seems to have

rather clear-cut boundaries.
5.1.3 Beyond the Coulomb Approximation

Before turning to specific propoéals for going beyond the'Coulomb'

approximation, lec us consider in a general way what this would involve.

Transitions in which the active electron belongs to the same shell

as cne or more of the inactive electrons do not normally meet either

cf the tuvo conditions previously mentioned. If the active electron be-

fongs to the same gubshell as one or more of the inactive electrons, it
is 2lrost certain that neither is fulfilled. °This means that we can no

,» and therefore we can at most

<

ionger rely on experiment to furnish En

fiepe to develop merhods that will apply to transitions for which the




energy parameters can be predicted with sufficient accuracy.* Moreover,

the effects of the nonconstant part of the screening function Snz and of

the exchange function an on the form of the radial functions can no

longer be ignored.

Because one can clways evaluate energy parameters more simply and

with greater precision than wave functions, it is useful to regard the

evaluation of E as the first step toward a determination of Pnl'

2

Given E together wiﬁh_suitablé apprdximations to Sn, and an, one

. : ' nz’ . .
éould integrate';he equation‘for Pht inward from infini;y. The soiﬁ4
- tion would deteriorate, of_éourse, as it'approaéhed the 6tigin, aﬁd ulti-
" mately diverge; but such sblutidns could still yield accurate estimates
‘for transition integrals. | |
. ‘s ; v
5.1.4 Application of the Screening Theory
As is’well knowﬁ, the predictions of the standérd theory of atomic .
spectra concerﬁing absoluté term energies are subjebt to large erfors
of a systematié,nature; arising from the néglect of configuration iﬁce:-

action. Recaently, an alternative theoretical scheme has been proposed

' (3-%3 + .
for describing complex spectra (Layzer ), whose principal features

are as follous:’

et
[oc3] )

v allowing the nuclear charge Z to enter explicitly inze
& S 3 3 A

-

*"“Sufficient accuracy” means in practice that the effective principal
quantea nucbers n* and n'¥ must be known to within small fractions of
vanity. The smaller the value of Q, the more accurately the energy
paraceters néed to be knoun.
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" all the calculations, one is able to classify che effects of configuration

interaction in a'physically signi ic ant'manner and to work consistently
to a given order of approXimation.

2. Certain interactions betneen configurations are taken into
aco0unt in tne first‘approximation, namely, ttose conneeting etates be-g
longing to the same complex s @ complex beirg defxned as the aggregate
of all states belong1ng to a glven set of prxccxpal quantum numbers and

a given parity,

Within the'framewotk of the approximationbdefined by the reqoire-
ments that Z enter explicitly into all the calculatlons and that all
interactions connecting terms in the same co:piex be taken into account
the 51mplest theory is that based on screened “ydrogen1c rad1a1 functions
The best screening parameters are those defir e’ by the varlation princ1ple.

[n spite of its 51np11c1ty, the screen1ng tbee'y accounts quantitatively
~

for the main regularltxes characterlz‘ng tern spectra in isoelectronic

sequences. ILts predictions are also free fro= the systematic errors

associated with the usual theory.

" The predicted term energies have the form

. 9 1 : ,
W=W 2" +% 2Z2+W -0z "), (5-11)
’ 2 & o
apart from relativistic corrections. The first two coeificients are
ziver exactly by the theory, the remaining onss ozly'approxiaa:ely. The

~absolute accuracy of these predictions, sc¢ far 25 it has been tested,

appears to be quite good in ﬁtoeratel, and Rizxlr ionized svstems.




-~

*o

In neutral aioms, the terms of order 1/Z are often conspicuous, and the

agreement between the screening theory and experiment is less good.

Let us now return to the problem of determining suitable radial

functions for evaluating transition integrals. To bégin‘wich, we are now

in a pbsitionbté fill a gap that we left earlier in our discdssion of’the,

generalized Fock equations. We assutied that the states A and B could

- each be assigned to definite mixtures'bf pure cbnfiguratidns, It is now

elear that we must 2llow for all interactions within a given complex.

. The mixture coefficients, or relative amplitudes of the configurations

in a given mixture, are then independent of Z and their values are

given by the écréenihgvﬁheory. We do not in this way allow for all the

effects of configuration interaction, but we allow for the most impor-

‘tant ones and we ensure the gofrettnéss of the first two terms in the

gxpans;ons of the EnZ'

In a first approximatioh one could use values for'Enz and En'z’

calculated according to the screening theory., As for the troublesome

terms Snz and an’ these are of relative order 1/Z compared with the

other terms in the equation for Pn”’ Probably it would be a sufficiently
& . ;

good approximation to use screened hydrogenic functions to evaluate them. .

ry

The equatien fo

"
n'\l

would (hen reduce to either a single, independent,

linear inzejro-differential equation or te an inhomogeneous differential

equation, decending on how one dealt with the occurrences of P_, in the

Ne
functional X_,. ' In either case a numerical solution would present no
4 . . . .
difficulty . The nuclear charge Z would appear explicitly in the equation,

&1l -




and could probably also be retained in the solution. Thus a single
nunerical soluticn would furnish values of transition integrals'for'homol-

cgous transitions in an entire isoelectronic sequence.

5.1.5 Transition Integrals in Highly Ionized Systems

In an approximation that becomes increasingly accurate as Z increasesv

along an isoelectronic sequence, one can evaluate transition integrais{by

'using screened hydrogenic radial functions, the screening parameters being
eiven by the creening theory. Va‘savsky(srs) has carried out a detailed

comparison between the results obtained with this method and those ob-

‘tained by means of more elaborate and (presumabiy) more accurate methods.

For certain classes of transitions (e.g., transitions in which the prin-’

cipzl quantum number undergoes no change)'he'found a remarkably close
. e : , ' ‘ v
correspondence betveen the two sets of predictions, extending even to

‘transitions in neutral atoms.

Since the comparison data were largely of unknown accnracy, the
meaning of tnis result is not entirely clear, Hovever, to some extent
one can estimate the accuracy of transition integrals calculated on the
screening approximationvindepcndentiy. A given integral can easiiy be
Vevaluated as an explicit function of Z and of the screening paraneters
for the initial and.final states. This integral is accurate to terms of

reiacive order 1/Z. Tow, small changes of the screening para=eters will

also produce changes of relative order 1/Z in the value of the integral.

Moreover, one can estimate the inherent uncertainty in the values of the

screening parareters. Thus one can estirate one of the contribut ions to




the error; and it is not unreasonable to supposé that the remaining con-
tributions will usually be of the same order of magniﬁude. In this wéy
we arrive at a simplé and uséful>criteriog: if the value of avtran;ition‘
integral is iﬁsensitive‘to sﬁali'changes in the screening paraﬁeters it

is fairly reliabie.

5.2 Transition Probabilities of Molecular épecies

Iﬁ‘égmospheri; Prbcesses,fghe'ﬂorse potential functionsrfdr o ’ N2’
andrNb as ca1§u1ated by Forrest CGilmore (Rahd Corporaﬁion) were pfesented,
It was.indi¢ated (é.g.,/by'ihcluéidn of the repulsive staﬁe‘in Xo shggé3£éd :
by Marmo) that the listiﬁg of thé Morse curves wéré inéoﬁplete.' kecehtly’ o

(5-6)

Miescher has discovered several more of these repulsive states. -

These should be explicitly added to the overallbpictﬁre since'their ihCIUf
sion is esSentiél to the proper in;erpretaﬁion of expefimehis on lifetime
of‘metastabierstate, eﬁc. Gilapré alsq listed approkimate yalues of

these lifetimes (inverse of the'transition pr§bability) of some of the

metastable states involved. Again, these listings are both incc—plete -

ireracticons of waves and

[+

and insufficiently well determined. In the i

lasmas, in addition to the electronic transicion probabilities. cme re-
3
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quires the vibrational and rorzzrzional transicior

-~
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&

theorctical wvibration eigenvalues E can be derivad frox the
. -




vhich esséntially determines the shape c¢f the potential well.

1U§uallvae, “e %o and:ge y, are experlmgntally determxned,b The vi-
brational wave funCtionsvare, of éourse, interreléted to the vibrational
eigenvélues and the assumed shape of the potential function, that of the

Morse fumction being o e
V(r) = De [1 - e-a(r - re) ]2 . :;; (5-13)

Theluorse potentiai leads to ankexact’solution of the wave‘équétion
H ¥y =€ 'l in terms of. Lag"erre polynom1als, but the Franck Condon terms

V;,Wégﬂf 2 convarge so slowly that the calculatlon of the vibra-
B - r

e . fysos 2 g ) 2 - :
tional tramsition probabilities R ; , =R V. oy V., dr ] becomes very
v o viv' e vy : ST

cumbersome. In the above, R, is the electronic transition moment .

(5-7)

Among the various suggestxons, Bou1gue » Fraser et al
(5-9) (5-10)

(S 8)

Bates and Wu s the suggestion of Wu concerning the possible

appllcatxon of the WKB (phase 1ntegra1) ethod may pr0v1de a conv renient

solutica. The WKB method has the advantage of being valid from any

arbitrary porential function which is not as radxcally asymetric or has

large ‘gradients. It also autonaticall" takes ihto account the shift
- . - (3 1y . ‘ .

of the internuclear distarce (re). Furry has indicated that in

the zero'th vibraticral level, the deviation of the WKB amplitudes are

of the order of 2%  For higher vibrational levels, the agreezent should

The vibraticonzl quanzum numbers of the oscxllator having the poten

b4

tial funceion ¥{(x) are given by the phase inregral




X .
2
: 1/2
Q(xlxz) r é (2'-2)”2 [Isv -;}V(x), ] dx

¥y

v+ o 5-14)

“where the integrand is the élassical momehtum_of the oscillator, and
x; and Xy are the élassical turning points (the moménthm Qanishes).

Forms of V(x) have Seen'given by Hulbert and Hitschfeldér,(s-lz)

L4 . . .
The WKB method then gives the approximate solution to the}yibra-
P O . ' - ot o '—-‘.) - ’
tidqal wave function as exponential in the two regions outside of the
turning points and a cosine function inside these limipgyV:From the <

wave functions, the vibration transition probabilities as given approxi-

hately by

» RV!V" = Re sz Vvﬁ d? ) | . ‘,(5°15)

can be obtained by computor methods.

One may conclude that it will be no simple taskvto get all the
photo and (electroh) impact transi;ion probabi1iEies required in the
Boltzmann equétion for the interaction df an rf source with a slightly
icnized gas. Yet, this must be accomplished before this ﬁaéhematical
discipline, vhich can in principle describe the co#plica:ed state,

is fruitful.

5.3 Excitation by Electron Impact®

The guantum mechanical solution of electron impact with an atenic

1

specie has received considerable attention - at least for the case 0f the

»

drogen arem. Tie hamiltenian for the tvo electroas involved is given by




+2 /5 A
2a \1 V2

H= -2= (V°+7°%) +&— & & - (5-16)

To obtain solutions to the wave equation (H\I’ ef ), it is customary to

‘utilize an approxnnatmn of the form

_‘I((rl. r,) = (Z +{) ¥, (£) F, (_rZ) , o (5-17)
wherein the degeneracy between impact ‘ and bound electrﬂn is conveniently

1gnored The (Z + f ) takes mt:o account both dlscrete and continuous
states respectively. Subst1..uting the approxlmate form of ¥ in the wave
”~ o

equation, ﬁ:ultiplying by the 'complex conjugate ¥* and integrating .over

space, one obtains the infinite set of simultaneous e’quations

(o2, 2\. _ |
(VZ +kn)Fn—(z+J) I.Janm ' (-5.18)_

where ; v ¢
v 2me? 1 1 :
. Unm T2 W: : T . Vo dr1
+ 12 T2
aad
2 2=
k= =" (z-¢)
n “h n
Asymprotic solutions of the subsidiacry functions (Fn) can then be ob~
tained frcm the usual criteria tnat ‘the wave functicn is well behaved,

"
and that the inzerzctien vanishes for large distance (r,); these have the

forna:
Il e -
a2 ik.-r
F,oS&—s £ (i) e O = (-13)
3 T, n 22 Cn
“Subseripe 2 denotes the izpact electron.
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For the solid angle increméﬁt dn (3,%), the differédﬁia! scat:e?idg crosé
section for excitation of state vn is ln = '?n (9;;){2.

‘Forbfast impact electrons (i.e., Qhen the energy of the izpact elec-
tron is much gtegter than tﬁe bindihg energy of the bo;qd électfon) the
perturbétién is small, sd_tha; the Born app;oxiﬁatioh is‘valid. Hb%evef,
for the case of rf-breakdowﬁ; fastkelectronﬁyare'no: iniolvgd, énd thé_
Born approximation is“inéppropriéte.‘ A weakef festtiétion than thatiof
the small perfurbationk(tﬁe two-state'approximationivith ci&se ébuéiihg)v
is to assuge that except'fér those terms associated with the initial
atomic state,’the diagonal térms of the matrixvuén prgdominate ;ver'the
non -diagonal ones. - Physically, this impiies that the disfor:ion of_fhe
initial and final "wave" of tﬁe impaét electron by the mean sta;i§ fié1ds
'bf the atom‘ih both its initial and finai state is included, bu: tha;
intermediéte étates of the system ére igﬁbred. Under these cozditiong,

the wave function and the set of differéntial‘équatibns becoze:

2 2 ,
(V Ko 'Uoo) Fo

(2 2 _ '
(’ ) kn Ln;) Fﬁ UnO FO (a # 0)

= v = RN 7. d = Se »
V=i ) Fg &) - G F, &) (5-20)

.

[
o

Commencing fron FO‘ the equations can be solved by iteraticz, zhe dis-~

tor-2d vave being given by the first zerm in the series.

The degencraey betuwsen the impact and bound electrons czz ke taken

into account in the two-state approzizarion by including ter=s which are




either syrmetric or antisycmetric (denoted by superscript :) with respect

to spatial interchangé. The ¥ fuﬁction and the wave equation then yieldﬁ

"

- A ’ - o . * —> n L - * >
§ ==y () B (5)) = 4 “z}).Fo ) + ¥, »(,"1) F, ()

I+

o GPES Gy (5-21)

2‘+ k 2 )] ‘) F * e )‘* K | ¢3 r') ?.i (r‘j dkr’b
. 0 : 00' 0‘ 27~ 00 272770 27 7 72

-

+ -

- ,_‘ . . -" ’ i-'.
U0 Fy 7 Koy (prp) B () dr,
(5-22)
,—,2 _2_ [l g : ‘ t i‘ 1Y t
v} + kn Un%) ?n (r2) * Khn.(rz,rz) Fn (rz) d r, |
v L . . ’.. . ’ ,,,
U FEE T K. G EEE) D A
, n0 0 "m0 Y2 727 70 2 2
(5-23)
where K K aﬁd K are given by
nn

00’ On

>"* (r.) = (r,) fk Z _ 2o (gi_ + & = K* |
Kep = ¥q 7?75 (1 L n h2 1o "0/l T Tnm (5-24)

- In keeping with the two-stace conceprt, KOO and Knn represent additional
distortions of the initial and final electron uaves, while K01 is a coupling
contribution which induces transition between the tuo states. The differ-

ential cross section now takes the ferz

R v - 2 3 _ - 2 . =
I (G, 0) do = -,f:fn O I S R O LR (5-25)

oA
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In this exchahge and distorted wave approximation, wheuaUOn and KOn are
smali, the iteration pfoceeds rapidly yielding, say for the process of

elastic scattering

2 2 - X !
(% + ko -'UOO) Fo 0 (rz, T ) F (r ) d r2 Q (5-26)
andifor inelastic scattering (for nth state)
‘ ’2;_ 2 - ‘ i ; ~, —> + -,
(7 3 kh ‘Unn) n < vxhn (?2’ rZ) Fn (rZ) d 2
-n Fx A R e 2y
=U_F t Ky (g ;2) F, (r)) d T, |
. L : e - ’ ' (5-27)

(5-14)

Bates and Seaton have shoun that in the case of colli-

(5-13)
sions of slow electrons with atomlc oxygen, add1t10na1 terms must be -
‘,inserted to allou for close coupling to intermedlate states of the same

conf1gurat1on. If, further, the small energy'dlfference between these

-states is ignored, the problem remains a tractable cme.

The restriction appropriate to the several approximations can be

lisced as:

igt 1AV - K = K = = 0.0 i
Distorted wave - 00 . KOn },LOn‘ls small
Fotential distorrced . .
xchanze - K. =K =0; K o
exc 2 Koo o ; Aon"UCn are s a1§

Exchange and potential

. distorzed exchange - XOn’ UCn are small
wighout
- K. . =K =X, =0
00 nn On
wich




From an examination of the results of the various disciplines for
the relatively siméle‘cﬁse of ﬁhe hydrogen atom, it appeafs that the
distorted two-state approximation is sufficiently acéurate;‘proyided
that the exchange interaction is“incluaéd.' For tténsitioﬁé involving
several states of neariy the samé eﬁergy, coupling between scates:muét
'bé considered. ' |

Inséfér aé the rf-breakdoun is goncerned,_the interest iskquité

naturaliy in atomic and molecular species such as N, 0,, NO, O

rather than atomic hydrogen. For these cases, it is more realistic to

Tesort to measurement to obtain the necessary cross sections for ex-

citation.

In "Atmospheric Processes", cross sections of only a few of these
pertinent electron-neutral excitations (or de-excitations) were listed.
These included:

From Seaton(s-ls)(for atomic dxygen)

3E . 1D : 1D'¥ 3P

7 7 .
3P s ls N ID
1S - 3P

o~

2
S-"P “D - 4S

From Perceval O 19) (for atomic oxygen)
3p . 3p%

. ]
’p - 3p7P

~4
[}

*o




From Stewart(5-17)

0-0,0-1,and0 -2 X

2 bands

: i ‘_’4- 3 .+
_ NZ (X  Ze ) N, (B Zu)

This brief summation gives some idea of the dearth of data in' the

areas of electronic, rotational, and vibrational excitaticn of‘perti-‘

nent species (éspeciélly Nz, 02 and the oxides) under-electron‘impact.‘

i e ¢
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6. Radiation Losses in RF Excited Plasmas

The rate of energy loss by radiation is essential to the determin-
ation of breakdown threshholds. 1In particular, there are at least two
types of radiative précesses‘to be considered. The first and dominant

process ihcludes all microscopié‘intéraqtions‘such as atomic and moleéulaf
‘radiative t;;nsitions andﬂperhaﬁé to éome extent chemiluminegcence. The
theoréfical determipatioh‘of the transitiph probébilitiés WQs discussed
v in Section 5.  Expefimen£a1'detérmihétioﬁs'ofkradiatiﬁe':ransitiOns ink
an excited gas whosé ionizéﬁion'vafies ovef a V;dé_range aﬁe extremely
difficult, Mdhiﬁoring of the decay of micrbwévé-dischéfges'is being‘doné‘
but dataare meager. The basic difficulty is that ;t théylow‘densities
of the upper atmospheré where radiition caﬁ become m§re important thgh
the éolli#ionél p;oéesség, the obsgrvatioﬁs must be made over long
optical paths, >In the laboratory, the'3-bodj (Z;bo&y plus wall);effects

‘mask the slower two-body radiative processes.

‘Upper atmosphere éxﬁerimeﬁts on radiative loss processes are in
general véry expensive.when the investigation pfovides the enesrgy (rf)
of excitation. However, several of these experiments have alfeady been
funded; that they are not equipped to give the maximum informaticn 6n
cp:icalveffects is unfortunate. The reason is simply ﬁhat the domineﬁt
mstivacion of chese'experimeﬁts is enhanced electron density and its
decay modes. Of course, ndtural air-glow and aurora can give some

informaticn, but here excitation is chiefly from electrom impact, and the




_distribution of excited states may vary widely from that of a stratum
irradiated by an rf-beam because of the wide variations in the electron

~ energy distriButions.
fhe three high power density experiments currently in (near) operé-

tion are:

(1) The Bailey experiments in Australia which beams .5 megawatts
- of power at the giro-frequency (about 1.5 me/s) verticaliy incident at
the ionosphere., The basic idea is simply to raise tte electron temperature

of a thin stratum absorption at the gyro-frequency being particularly

effective. If three-body attachment (e + O2 +'02)'is an important electron

loss4§rocess; the eléct;bn.densityrwill increase (Béiléy calculates a
fa;to: of 10) since the attachment cross section decreéses with'eﬁergy
in this range. ' The ﬁrinciple."observation" will bé the electron density
as measured by a C-4 ionoSonde;
.v(2) At Jicamarﬁa, Pefu, Ken Bowles is Conductihg high‘bdwer density
h . 1 :

irradiation of the upper atmosphere it a frequency of 50 mc/s and a powér
of six megawatts, Evidentiy, NBS is aware of the possible importance of
vthe enhanced "air-gldw". However, and this is an imperrant éoint, the
tests are at present unrelated to the breakdowﬁvproblemf For this rea-
fsén. there wiil be no attewmpt tbvoptiﬁizé thé eguipment for the pﬁrposes
suggesteé herein, Eurthermore,’eduipmant for the several experi:ents_will,
Lf no action is taken, be completely diffgrant for e;ch installation; and

no steps will be taken to utilize the results of all the experiments in




furthering the furlzmental understanding of the breakdown pheaomenon.

(3) 1In Puer:2 Rico, a 1000 ft "dish"™ is being constructed for studies

. Qn'incoherent back scatter from electrons (not fluctuations in refractive
index) at a frequezcy of 400 mc/s. Again high pover densities are avail-
able; in particular, the focusing of the‘béam is much better than that

cbtainable in the cther experiments. However, the amount of absorption

may be significantly decreased since the non-deviative absorption coeffi-

“cient (k) is given by

K = 2n ?éz.ur — 2" . ; | : | . | | .(6-1)
me p ({w = fup 115 v9) E :

Only in the lower atﬁosphere are electron collision frequéncies high
ehoUgh (v S w) to ?zke k basiéaily independent of m."O;herwisé for
w> v, k varies asil/m?, and'the_ébéorpﬁiop of the rf>wi11 be vefy small
- - perhaps well be}ond detaction of radiative transitions. The Puerto’
Ricé expefiment ié therefore noi an optimum one fot‘oﬁf4purpo§e§. Yet;
if no action be t=%en here, no attempt will bé made to employ photoﬁeﬁric

devices to monitor the experiments in the eventuality that optical infor-

natioa is availsbl:z,

In addition zz tha microscopic character determined essentially by
composition and szzze occupations, a plasma under an external EM field

is described by tZz macroscopic field vectors. Under these imposed fields,

inhomogeneities Iz the plasma can give rise to enmergy loss by radiation

3

which may aiffes: tx:z electron density at and near breakdown. As evidenced

-~}
(%)




in the review, some theoretical work has been done on the problem, but

this work has not been conclusive in establishing the importance of this

‘mechanism to the breakdown phenomenon. Therefore, it is suggested that

a theoretical study of the problem be made, commenéiﬁg with a review

and evaluation of past work. It seems likely that such action can place

the mechanism in proper perspective.
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7. Electron Energy Distribution Functions and the Boltzmann Equation

The time sequence of events leading to rf breakdown cah only be
fully desoribed by the;Boltzmann Equation. Unfortuuately for real
cases, a total solution ofkthe problem which must include all the
microscopic and macroscopie interaotions is beiohd our present computa-

tional capabilities and perhaps even our knowledge of tne specxfic

" microscopic interactions involved; It is quite patural then that the

totaldprcblcm is greatly simplified by tneoretiCal workers who make an
effort to: - phrase the problem in such a manner that the problem is tract-
able. The question raised by these efforts (a subject often 1nadequately’
stated in the literature) is- what is the motivation and range ef validity
of the various approximations? In the remainder of Section 7, R. Papa has
reuiewed the various theoret1ca1 treatments, and delineation and/or
evaluated their relation to the problem of rf breakdown This material

supplements Chapter XIII (Plasma Djnamics) in Atmosuheric Processes.

- 7.1 The Mechanics of RF-Breakdown

If an electroﬁagnetic field is impressed upon a partially ionized
gas, the free charges will gain energy from the EM field by suffering
collisions with neutral species and having their ordered oscillatory
motion.changed to random thermal motion.. In the lower atmusphere, the
free charges will exist initialiy nct as electron-ion pairs;.but as seall

ious, Aitken muclei, and molecular icns (no thermal electrors exist very

o
: - . . Py . - .
.long since their lifetime at STP is 10 = sec due to three bedy attachment
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rate of 5 x 10'-'30 cm6 sec-l). ‘These free molecular ions wiil eventually
give rise to electrons through inelastic collisions with‘neutral species
(collisions with neutréls in metastable states mayyﬁe an‘éffective
electroﬁ production mechanism), In the upper atmosphere, the Qaytime :
ambiént'eléctfon densitf‘vafies from 103 particles per cm3 iﬁ‘the‘ﬁ |

region to 105 particles pei"cm3 in the F region.

As the electron temperature increases due to randomization of the
electron oscillatofy'motion through elastic collisions with neutrals,
there will be various electron energy loss processes_spch as:

(1) Collisions which can excite electronic levels of atoms and/or

molecules

(2) _COIIisions which excite molecular vibrational lévels (sub-

excitation electrons)

-,

(3) cCollisions which excite molecular rotational levels (subexcita-

tion electrons)

(4) 1Ionization of atoms and dissociative or non-dissociative

ionization of molecules,




44--f----é---.-.-.-.-.-.-.—-..-.-.-....1

Proceszes in itz= {4) aCCUaII/ increass the 1uvbet of electrons present and a
knowledge of the energy distribution function of the secondaries produced by the
.érimaries is necessary for a detailed caICuiation of the breakdown conditiop.

The electron concentratioﬁ may also incréase thrdugh collisional and associative

_ detachment. In the upper atmo,phere, photodetachment is an additional electron
production éechanisn. Electron loss processes include dissociative, radiative nnd
three-body.reccmﬁination, and radiative and three-body attachment. A microécopic
Vdescription of the interaction of:an'EM field with a gas (in’termsqu the elédcfon
‘energy distribution functiop) invblvés a knowledge of che'cro$s sections ior thé
following processes: eiastic eleqtton-neutrai collisibns, idnizéiiqh ;ﬁd excitafion S
‘collisions,radiative'aéd collisioﬁalideactivafioh’of exéi:ad stateégiraéi;:iﬁe, three-
bddy and dissociative attachmen;,'electron%ion;iién;ion and thfee—bod) reéombination;'
charge traasfer, ion-atoq exchahge,'andrcollisiénalgaﬁdvaésdciative de;g;ﬁégnt. |
Even if a thorough k#owiedgé of the various rates and cross sections as a function

‘of energy permiﬁted an,elimiﬁation of some of;the‘relatively unimpoftant‘brocgsées,
the formulation of the problem in terms of a Boltzmann equation'for_the‘electrod
enérgy distributicn.function is excremely éomplicéted and inclﬁdes the followihg

effects:

(i} In the a=bient atmosphere there are various macroscopic processes such as

turbulent diffusica, winds, shears, and fluid transport forces on a region where the

EM radiation is bsing absorbed.

N . o - : ’ + .
{Z) The neutrzl composition may change (by such processes as N2 +'e Nz + 2e

and taen e + N, — N + N) even before breakdown is reached.

Mozt of the exszrirrmtal work on RF-breakdown has consisted of studies with

arrangements of EM fields in a microwave cavity, in which the

brealdoua condizica zay be expressed as 3 straightforward boundary value problem.




The gase#vemplcyed in the laboratory experiments are usually eithet hydrogen or
pure air, and a radiocactive source is’used as the>external ionizing ageecybin place
~of the solar flux. - In most of the laboratory experiments, electron loss by re-
cembindtioﬁ may be neglected'compared with losé by attachment and'diffﬁsion. Brown
and Macbonald(7-1) have formuiated‘the cw RF—breakdewn coqditibn for alpartiéula:
gas for a specific EM mode in e microwave cavity in terms of (1) the eﬁa:acteristic

value of the time independent continuity equatien for the electron density

VN, (v/l-J)b Ny = 0»
where ¥V =v, = v_
i a . - . e
v, = Frequency of ionization due to electron imﬁact.
va = Frequedcy of attachment for electrons to neutrals.

D - = Electron diffusion coefficient.

Vand (2) the high frequency 1onization‘eoefficient
€= v/DE2

where E = electric field amplitude.

The CW breakdown condition (neglectieg recombination compdrcd w{:h attachment and

diffusion) for the case of infinite parailel pletes with a uniform electric fiald

may be expressed as

2
#/D = 1/M°7
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where A = L/ = diffusion length

L

plate separation.

This breakdown condition is valid within the following three limits:

(l) The mean free path is less than any dimens10n of the cavity,

2) The frequency is sufficiently hlgh so that the electrons do not lose

appreciable energy between cycles, and

(3) The ‘average motion of the electrons resulting from the action of the field i, . :

and of the collisions is sufficiently small so that the field doesvnot'SWeep the

‘electrons out of part of the cavity in each half cycle.

"' : One of the most general conditions for RF breakdown may be described by the

condition dn /dt 0 where ne is the electron density (n satisfied the continuity

f o equation) Hartman(7- 2) has investigated the validity of such an approach. In his

‘study, a theoretical expression for the electron density was obtained as a function

of the RF field amplitude. However, Hartman made the following simplifying assumptions:

-

(1) Ionization occurs as a result of single impacts between gas.atoms
and sufficiently fast electronst | | |

(2) The gas has an infinite‘volumc, and

(3) Negative ions are not formed, so thar the only mecnanism for electron

removal is recombination with positive ions. -

His calculations show that, at a certain critical field strength (the brealdeown field),
the density of electrons rises sharply. His sizple madel leads to a breakdown

phencmenon at” £ield strcngtbs not far from the observed values. The gases treated

are haliva and neon at frequencies of 3000 megacycles. In the ambiznt osphere,
- . - > - . - ) . - - ‘ ’
the condition dne/d: Z 0 will also describe the CJ RF dreakdown crirerion., MHowovor,
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‘for any pulse whose amplitude is equai to or'greétef than that of the CW breakdown

@

for pulsed RF, the breakdown crizerfon may not be expressed as the pbihc at which
the rate of gain of electrons (iﬁgact ionization and éhoté-ionization) e§uals the
rate of ioss of electfons. For a pulsed RF beam, once breakdown has occurredkt'he
electron concentration will increase at the rate eVE,Awhere v = vy -‘va‘-,D[A?

and vy = frequency of ionization by electron impact

v# = frequency of attachment of electrons to neutrals
D = electron diffusion coefficient
.

diffusion length - s

and pbotoiohization and rgcombinatiqn'héve‘been neglected. This buildup will occur

field. The RF pulse can penétraie the region until the electron dénsitj has“reéched

the plasma resonant deﬁsity‘

n =m wzllmv e2
P e

where ® = frequency of EM wave.

It may'be con#luded'from thebg:svious discussion that a knowledge of the time-dependent
electron energy distribution funztion is sufficient to detefmine'the greakdown con- |
diticn for CW and pulsed RF power. The CW breakdown condition’may be found by deter-
mining the electric field amplitudz for which the electron density |

né{c) = b/‘ fe(v,:) 63 v

shows a charp increase in magnirudz. In the case of RF pﬁlsés, a large part of the
RF power may be transmitted thro::: the hot spot in’ﬁhe ambient atmogphere even
though breakdoim has occurred. Zzre the RF pulse will be reflected uhe§ the
elecrron dansity reaches the plzszz resonant density: |
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The determination of the electron energy (or velocity) distributioa functioa of ) o

course involves a solution of the Boltzmann equation.

o
.




7.2 The Boltzman Equation

In the case of a partially ‘fonized plasma, an adequate description of the
energy distribution function of each spec{es involves the solutio'n of a series

of coupled Boltzmann equations:

of e wl o - o
+v-Vf --—[E+va]-Vf=n + B , + B
bt m . ve ee /., e ion en
' e : » ' i .
: : b , k
Q(E, )
fon’s , 23 .__z___
. + vﬁv}(fion)l ) [E +Vx B] V (fion)
= B + B 3 B L
e ion 2 ~ion, io. Z ion, n -
- £ "% T 4
of C
|
St TV =ZB ion Z
j 'k j k =

where (4‘.:“):‘)1z is the distribution function for tha z'_:h ion constituent, £ is the
r ’ 7 ‘ 5

distribution function for the‘jth‘neutrai censtituent, the eubsc;ipt e'refers to
electrons, subscript n to neutrals, and an {s the contribution to the collision
integral for the distribution function of the mth type of particles in collision with
an nth type. The electron,‘ioﬂ, and neutral equatioans are coupled th—o‘gq the
collision 1ntegra1 terms,Ian. The macroscopic fields which appear in these
equations are self consistent, in that the electrons are not conéeivaed of as inter-
ing directly with one ane:her. athcr, they produce an electromagneric field
(the field vectors E and B mist satisfy Maxwell's “equations) which is ex;reesed as

. a functica of position and timz:. The electromignetic fleld then acts oz each

s. In order that such az approach

alectrea through {ts position and timo coordinatea




bz valxd it is necessary that the maczuscopic f--lus E and B remain constant during
‘a collision (ion-electron, electron-neutral, ionézeutral). It is further assumad

that three-body forces are negligible compared witx two-body forces. 7 S

Most of the papers on the kinetic theory of microwave discharges in gases

(7-3) (7-4) (7-5) Reder and Broun 7~ ) neglect

h(7 7)

(Holsteln , Margenau » Allis and Broan
ion-eleotron»and electton-electron collisions. Be-e«et Ginzburg and Gurevic
,,who.le work is butlined in- sections74and75 have dxscussed the conditio-‘ls under

which it is permissible to neglect electron-electt a and electron-io1 coadi:lons

in a partially ioaized plasma. Processes such as p oto-ionization and photo—detachment
have never been considared in the literature as terzb in the Boltzmann equation.
,Electron elastic collisions with ngutrals are thé':ost easily handled process.
Exprgssions for the ceolligion intcgtol for electrcn-neutral colllslons‘may be ob-
tained in terms of tne néutral density, tenpétatgte, elastickcolllolon cfoss'éection,
and éero order electron energy dlstributlon funcoion.- The derlvation’of theée expres-

sions usually involves the assumptions that the elactron suffers only a small change'

in speed on collls1on w1th a neutral (basically tka factor is- l-m/m) More sophlsdnated

(7-8)

treatments (such as those of Allis

, which is,;:ésented in Section 7.4) take in;o
account the recoil of the hegvy'malecole under elistic collisions with electrons.
Almost all treatments on the interactioa of microwzve energy with a gasiconsider
only‘the changes in the electron distribution functiecsn, uﬁére the ion and neutral>

ons are assumsd to remain Maxseliian,

Inelastic collisions batween electrons and nevirals are accompanied by the
excitation of rotational, vibratioaal or electronic l=vels and also by ionizatioa. In
addition, second-order impacts are possible, in whish the energy of the excited state

of the molecule is trans ferred to the inconxng elezzron, However, aa exact calculation

of all these ineclastic preocesses would b2 very comolicated. The approoriate cross
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7.3 Spherical! HBarmonic Expansions

The presente of the collisioa integral terns B in'thé Boltzmann equation
(which makes the value of f at v depend oa the nuiber of electrons at very different
velocitxcs) characterizes the equation as a non-llnear partial differeatio-lntegral '
equation, for which no ge;eral method of solut101 is known. It is customary to
émploy a pefturbation'technique, by expanding the’funttion f;:to obtain solutions
to this equation.‘ Enskog' (7‘9) method tonsists.in’exﬁanding'tﬂe distribution
:ftnction in pbwérs of @, where the system is consideted to be ciose to thermal -

cquilibriun and departures from squilibrium are céused'by some agent O:

£=f, vott vl e L.

Unfortunately, this technique does not Convetge well for charged particles in an’

“electric field.

For the case of electrons (but not ions) in an electr1c field, a sphetical

harmonxc etp-"sxon of the distrlbution function does convergexnore rapldly.

£(2,V)

y fz(?,;) Pi (cos 9)
_z.J .
0

= f + f1 ces 2

where the electric field is taken to lie along the z-axis.

Two scalar quantities that may be obtained from the zero order distriburion

functicn dre:-

* Y e s . - .. (7-8)
Parts of Section 3. zre taken froa Allis T

*o : S




the electron concentration: ‘ .

@

f .0 2
n =\l £ 4n v© dv
o ;

the energy density:

Two vector integrals that may be obtained from the first order distriﬁutioh function":

:

are:

the particle flow: . ™ o .

- - ».[LE3 ’
P":m’d-ffl 3V dv

Total radial flow in velocity space:

where a = eE/m and thé'quéntity G'(the gain) represents the rate of flow of electrons -

across any energy value in the direction of increasing eaergy.

7.3.1 The Gradient Term 7 ° (ﬁf) in the Boltzmann Equation

Taking the polar axis aloag the direction of ‘grad n and zssuming that thera is

not required,




Loy 2y et
' o div(v £ Pl) = v *.(grad £) Pl = v =5, ¢cos 6 Pt
‘ b_f‘,”t-l + (2+1) P, 1
=V 75 BETER!
.s0 that .
. (o) \ v
. * o] ¥4 £-1 2+ 1 _£2+1
div(v£),=vzgg[2z+1f 21+3f ] h
= : o - S
o 0 ,
. -—‘—"-évf—];+vcose'é f0+-2-f2+
"3}62 az-> 5 ses
’ ‘ = % aiy FL +V - grad {fo + % f2] + ...

In the last line the scalar functioa fl has been replacedvby the vector ?1, and

this notation removes the initial restrictioa oa the directioa of the polar axis of k

Pl'

7.3.2 Electric Field Terms

In this section we take the polar axis of the spherical harmoaics along the

- ,
electric field E. Using the expression for partial derivazives,

[ .
\ J

ov
Nzl v
X y

. ~ we find
3 7 ~
: . . oP
- i ~- i JE° a f° pd b
div a P, = a * grad £P, = a cos 3 —<— P, ¢ sin” &
Yy £ A 8 £ 3 dv ¢ w d(cos 3)




oo, . ; . et )
- P i=1 d ¢ 2 +1 1 4 2+2 _I+1
dtv, 3 £ =a) tz,:-l" T 13 pEar Y JPE
i — . v v
1 d. 2.1, /a2 2 1. d 3.2 )
=a [;—5'3; v f +,<}—; +'§'-§'E;_v f ) cos 6 + ...
-V ‘ ) \'4
1 4 2+ =1 - /14 2 4 3.2\
=~ Y a: f +a v \v “dv a dv ¥ f * e
3v \ Sv U .

in which we have again introduced the vector notation to eliminate the.requirement

oa the polar axis P,.

7.3.3 Hagneﬁic Terms

Since
' S Y
divvﬁnb X V) = 0

we have

neral term will

Q.

The expansion involves the associated Legendre functicns and the g

not be given. The first two terms vield

- — -1

i ,«-,. —"—‘ = = e B x i S
dlv\.'(“’b x vf) X (wb x £ )/

-
-

7.2.4 Expansion in Fouricr Saries

We shall assume an alrernating eizetric fi{eld, E ~ e, since we can alwavs

obtain the direct-curruat

+

values by the dc values.

L

Fourier series in t:

) :




 and

of s od mj wt .
S ) L menn
' £ m S L

The exponential notation is vetyvcoﬁVenient for all linear equations. Unfortunately,
we shall have to take prqducts'such'as a fz and the meaning ofzgudh—g»gpeéug; is_the
product of the real parts and not the real part of the product. 'Petforﬁihg this

operatioa and then reintroducing the exponential notation, we have

Tl £ y/ LY -j wt 4 ok mj wt
2a f‘ =a [flr + <2f0 + f2> e’ + Z'(fm-l + fm+1> e ]
» T Com=2

- where ffr indicates the real part of ffw

7.3.5 The Compoaent Equatioas

If rhe Bolczmann integral term B is decomposed as well as the electric and

magnetic terms, one obtains an infinite set of egquations of which the zero- and

first-order ones are given below:

0 _ ¥ g F I d/ 2- 21
= voE. o+ TSy oatil ]
03 67 (2 dv It ;
50 . .-0_3.;. L, L _}_;2:.,'2-{11_{1\’\:
A S S Cte Tt
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~ In the case of electrons (but not‘ibns)bthe gpheriéél harmoaic expansion con-
verges well and the terms in f2 are negligible. The Fourier seriéS'also converges R
well at high frequencies Gb/v > A/2). The transition to low freq;encies in uﬁxch

(7-4) -

"the second-harmonic terms Become large has been studied by Margenau ; thzs case

will not be considered here. We,’therefore, simplify the abOve set of’equat1cns to

G
()
]
wi<
o
[
<
i
[N
+
|._
N
e
KPR
N
X%
n
-t
N’

®

0 0. v 1. 1 df 2> =1
B _jm‘f1+3d1v¥1+3v2dv<v a~f>v

21 0.2 dfor - =
BO = v grad fo + 7 av wb x fo
df
=1 -1 Q g9 - 21
B1 = jw f1 + v grad f1 +a I - 9 X f1

The divergsnce of the alternating flow Pi produces an alternating eleztron "E:Slty

-— -
n.. The alternating flow Fl is drivea by a n, and, hence, n, exists in virtz= of a

1
— . - B i . -
divergence in a ng- Since a is divergenceless, n, is produced by the intsrzczioa of
an alternzting electric field and a concentration gradient in the same direcziaa.
; o , . ‘ 3
However, if such situations do not ozcur, it may be assumad thac ay and i; zre
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. @ . [ ]
‘neglibible'. The four component equations may then be reduced to three s;impler
equations:
’
0_ v, 7l , 1 df22 21"
Po=3 MV L T2y (e flr)
=1 0 - -1 .
Bo—v gradfo cubxfo
]
o jefleil g (B
1=3ef v~ 9% * 1 .
892
*q




7.4. The Collisisa Intearals™

7.4.1 Elastic Collisions Between Electrons and Neutral Pazticles

: ‘ : S
7.4.1.1 Geometry of a Collision =~ = / /

-

Consider a collisio1 between an electron, denoted by lower case letter and
a neutral molzcule, denoted by capital lctters. In a collisxon, ‘the pOsitions of
vthese particles do not change apnreciably‘but their velocities change; we shall
denote by primes the velocxties of particles about to be scattered into d3 v d v
about the velocities v and V | We do not consider ‘the’ changing velocities during
the collision but only the veloc1ties before and after the’ particles are within
range of their interaction forces. Durino the collision the Velocity of the center
of gravity, vg, .emains.fixed and 1f the collision vere elastic, the relative velo.ity
¢ has the same magnitude before and after but has changed in direction by an angle
‘Xg; called the scattering angle in th:centcr of gravity system. The ceater of
gravity divides the relative velocxty inversely as the masses, so that the velocxties
'of electron and molecule remain on two spheres in velocity space centered on the
velocity of the center of gravity and of radii Mc/ (M+m) and mc/ (tm). ,Thevradius

L

of ‘the molecule's sphere is very small compared with

-

Lat of the electron, so that
it can almost be coansidered as a point. If the moleculewere at rest before the

. _ .
collision, ths origin of velocicy coordinates should be taken at v

o~ > 2 2 2 2
v-V) =¢ =~ c (1l - ¢cos X))
= m)” ©
or if V' = ¢
2 e 3L 3 !
2 2l 2. -
vic o~ = 5 vl - cos X))
e 2 %
[ ]
< . A - ; . ) £~ .20 ’ -
- Parzs of Seczicn 3 are fron Allig] 3 and CGinzharg and Curcvich(/ 7).

%)
-




This last expression gives the canergv loss by an electroa in striking a molecule
at rest. This energy goes into the recoil energy of the molecule. For electrons

it is smill and we can write it in the form

-é‘-'-=—-—&“——-i(1'-cos)f.)'
V. M+ m) : 8

Another uséful‘relatiqn from the triangle'V', 32, v gives the scattering angle XO‘

in the laboratory systen in terms of the scdttering angle_Xé'in the cehtet of

gravity éystem; It is

. ek
sin” Xy = =3 5 A
M +m" + 24 m cos Xg

.The scatteringifuhction c(x) is aeduced4from the fofée law.as a fnnciibn of ‘
Xg and ¢, and is measured exﬁerimen;dll} in terms OEVXO and v;;‘and‘it‘is Alwgyé
~necessary to reduce one to the oiher. Thé dependeace of & oa the azimuthél angle ¢
is never known aﬁd‘it willyﬁe aséumad‘tﬁaﬁ'a'does ﬁ#tvdepend b; W; ,Th§>coﬁbinationi
ca-always‘enters the éqﬁations and we shall use the sysbol‘b(c) = cor for it (p has

the dimzasions of a volumz per second per steradian).
7.4.1,2 Reduction of the Collision Integral Term

‘The rate of éhange of the nuwber of particles in a velocity volum: element d3v

is givea by taking the difference bestween the number of particleas scattering into T

that volum2 element and the number of scattered out

3 3 3

A%

N —» ‘ . 2 —p — . 7'
BaS v - / FTND £G") o a%a avr dv' - fE‘(V) £ o a%a adv &y




2. . - ‘ .
p is the same in both these integrals and d™Q is the solid angle of the scattering

3V' and £(v') d3v' are the numbers of particles in pqsigioh to

e -

sphere. F(V') 4
scatter into the volum> elements d3V and d3v, and the integrals are to bz taken over

~

all scattering angles and all molecular Velocgfies. By Liouville's theorem
' ' o~ ‘

P

3
d3v' dv'-= d3v d3

b so -that -the two integrals m2zy be combined into one

B = f [F@) £G") - F@) £@)] p a%0 a¥v
which is the conventional way of wriéing Boltzmann's callisfon integral. This form °
o . R b L . . : i
is, however, rarely convenient, since F(¥') contains V' and not V and it is not
easy to inegratevit with respect to V. It is more convenient to kéep dV' and convert
d3v' into d3v. We wish to determine the voluma élement‘dav' so that, for given vt

and X , the final velocity after the collision ends up in d3v. As all angles are -

]

held constant and V' is held fixed, the volum2 element d3v'_must be exactly similar
in shépe to d3v, but all Iineér dimensions increased in the ratio l(;' - G')/(; —'6')[

so that

PN Re */ G-

iThis leads to the expression:

[6s]

; S St fir 2. . ' oy = 2 .
F(U') £y (v* - \"?/n-' - "‘v'i)3 o dn e - [ F(T) £(v) p @70 ,‘13"'

o




. '7.4.1.3 Expansion in Spherical Harmonics . 4

We now sabstitute for E(;) its expansion in sphcricai harmonics and for f(;')
/; the corresponding serics in terms of 8°'. U;ing‘thc additionvthenrem for spherical

harmonics, we have

‘ fG") = X {P ) Pl(/(.o) + 2 Z -(————L" P (9) P (Xo) cos m(9 - W)]

_As p has been assumed to be independent of the azmuthal angle ¥ the term in
_cos m(8-y) goes out oa integrating, s0 that the Boltzmann intearal for the coef-

ficient of P (@) becomes

<lv - F(V')" vty B, 0x) p'd?n v o

-JF F(V) fz(v) ol d?‘fl d3V
So far the equations have been perfectly general, but we must now make assump-"
tions which in practice restrict their application to eléctrons or at mnst to light

ions in a heavy gas. We shall assumz that the mass rdtio m/M 1s zero, so that v' = v,

and that E"(V)/ng is a 8-functioa. Then,

b2
(]
-]
o
I

-fé("')ng [ olv, X NIL - P«‘(XO)] a’a - -vcv,f

S U & : 1

~ -
Pt




*7.5.E.3 Expansion in Spherical Harmeaices

We now sibstitute for £(v) its expansion in spherical harmonics and for £(v*)
the corresponding series in terms of §°', ‘Using the adiition thedrcm for spherical
harmonics,‘we‘have

| _ | . » ,i‘ . .
£(7) = 7 2 lp @ p,x) +2 ) 5%————1,&9 (0) ™ "X ) cos m(e - ¥
- P £°0  __'(1. m)!
As 0 has been assumed to be independent of the azimuthal angle #,'the term‘;hv )

cos ﬁ(Q—W) goes oat. oa integrating, -so that the‘Bolﬁimnnnkintegrai for the coef-

ficienf of P (9) becomes

3

f<lv = F(V') £ P, (X)) o aZa a¥y

,,-f FO) () o a0 aly S I :

So far the equatxons have been perfectly general but we must now make assump-
tions which in practice restrict their application to electrons, or at most to lighc

icns in a heavy gas. We shall assum2 that the mass ratio m/M is zero, so that v' = v,

and that F(?)/ng is a B-functioa. Then,

e [ el - x 1 aB s oy g

AW,

13

e
o
txs
i
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The "collision frequencies vc, introduced above are defined in the laboratory

L

reference system. Introducing an arbitrary definition ch”the first three collision

frequencies are

. ) 2 v
Vo = \/ : ng ) d Q .

N N 22 - L ST -
'vcl = ;/\ ng o(1 - cos Xo) da a | ’ | |

_ 3.2, 2
= X Q
Ves \/- ng P sin ‘0 d
The total collision frequency is véo.“The integral is generally iﬁpfoper as
o has a singularity in the forward direction. The apertures of experimental ap-
paratus prevent observatiohs from covering this singularity, so that the quantities
tabulated as experimental "probabilities of collision" are expressed in terms of an

1ncomp1ete integral,

The‘collisién frequencey for "momentum transfer"; vy is of great importance
_in transport theory aud the simpler symbol Ve is used for it. It is a weighted
collision frequency in which the backuard scattering counts double, right angle
scattering ﬁas the Qcighc one, and fq ward scattering is not counted. The frequency

v _, might well be called the "scattering"” frequency; here right-angle scattering has

the weight 372 and neither forward nor backward scattering is counted,

The coaclusion that B = O mxans that collisions de not change the energy

12 - PR T I B B e & o — : .- PR
diszzriburicn, and it follows frem the assumstion thor the =alecules were ola <
» -




[

.
and infinitely hua;y; In fact, it may takq>m1ny thousand collisioas to change

the energy of an electron appreciably wiercas exactly oae "collision" defined by

the frcqﬁcn;i vél will canccl its momentum. Nevertheless, many thousand collisions

do occur and we miast introduce the higher-order terms for £ = 0.

We first relax the restrictioa to infinitely heavy molecules so as to allow
the molecule :6'recoi1 under clectronic impact (v' > v) but cohtinue to neglect
thermal motion_(V' = 0). Then ¢ = v' and .

W20 2 2 2Mm :(1 -'COS‘Xg) - p v

v ev =y :
™ +'m)

02
2 ‘

Lzt us expand in terms of M which is assumed to be small ' S

v 0@ £ = VP o £G) + VP HSE) = £
. . . d V—)

Integrating the expression for Bo with rcspéct to d3 V' for Tg =0 givesvl

' 0
8’ =[ Yoo o) 220 - a2 a0
. v 8 ' g
i 3_ .0
dv™ O 2 M - d .0
:/%n dr 0 F 42 . .‘ﬂ,% d_ ("3"'1r)v
v § aw?). Ctem” Y dae) s
vaere Yoy is the saine as Vel hit in the center of miss instead of the laboratory

svsten. The relation betwsen these two depesnds oa how the cross-saction ¢ depends

on n . It is given in first ocder by
T B

<3

-
.
4
e
+
e
pas

\O
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: 'd(v) ¢ .o

Hext we take account of the Mixwell distribution of the molecules F(V'), which
was prcv1ously rgplaced by a delta fun-tion, and this will be done in a somewhat
qualitative way. In Lnte"ratlng over d3 V' the p01nt V' moves over a Vaxvell d1stri—

bution centered about V' = 0. For fixed v and scattering angle Xg, this m2ans that

V' moves about VG’ its value for V' = 0, by amounts of the order V.

- -, . —
V=T TJG")

and

bvf ’
a(v )

£EY) = £V +/(v'

" when this correction is introduced into the expression for the collisioa integral,

one obtains

2 . i B -:
B b LA f + fr®y = }J
: a9 L d(v )

Bui we kuow That if the electrons have a Maxwell distributioa at the same température

as that of the gas, collisioas will not change this distributioan and, therefore, this

last vquation mast give zero if £ is a Maxwell distributfon. This determines the

factor £ ¥'") to Be equal to 2k T /m, and we have
. o
. = :




for ths rate of change of the energy distribution of electrons of mass m owing to

elasric collisions with molecules of finite mass M naving a temperature Tg’

7.4.2 Elastic Collisioas of Electrons with Toas

-To'describe elastic coiliéiéns b;tﬁecﬁ electfons énd ions one can émploy th¢

foregoing genéral exbressions for the integral of élastic cbllisioﬁs batwzen én
éiectron and neutfal particles, without_modificatlon; sincefﬁg oniy ﬁésumption made
in tﬁgir derivatioa was m << M.‘ It is'ﬁeéessary only io‘calculhté thé'number’of
coliisioﬁé bétﬁeeh thé’éléétfdns and'the”ions;'vi(V). For thi§ purpose‘oﬁé su#-
stitutes in the collision inyégral the‘RuﬁhcrfordkformJIa for‘theldiffereﬁtiaivéffective
cross section for tﬁe scattefihg of an éieccron b& an iéﬁ. YWe theﬁ have

. : N : : :

ZnNiv(QZ/vaz)z ‘/* L-cosd ;9 o o R

i

vi(v) | % 0
e" sin 'i'

4
e

. 2 “min
21(Ni 2 3 in (1 + c§t 2 )

m v

where N, is the concentration of the ions, which for simplicity are assumad to be

singly-charged.

If we consider the scattering of an electron by a free ion, then integration

should be carried out from 9 to o (i.e., o in ° 0) and the collision freguency
. m «

s vt T, e S TR ] T ¥ar -0 ....' 3 T - 1 R ey . . -3y, 4 > s

diverges logavichalcally at small 90 In a plasaa, however, the fons are not

entirely frec:  as 2 resale of interaction botween the ions and the clectrons, the
ibrium conditions, has o Coulomb charascier only to

Bobhore radiog D
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1

KTkT ]1/2
e

D=ji—
LanzN(kT + kTe)

where T

1

ion temperature and

t
e

fl

electron temperature.

-

A; diétanceé'greéter than D, the Coulom3ifie1d of the iem dcqps off

as a fgsﬁlt of ch;eniﬁg.: Consequéntly, D is thq maximam distancé at which a
subétancial inté:action between the electron aﬁdwthé ions Stillrtakes piéée,ui.e.,',
the maximumbiﬁpactlparametef. It qah be used to ekéres§' the minimum scéttering
éngle: ’ |

8§ ., = 2'tan-1(e2/mﬁzn) R 2e2/mv2D
min : < ;

Therefore:

| B I 3
vi(v) = ZnNi 53 40 (1 +——-——->
a S MV o

It is important that Dz(kTe)2 e o 13 TZ 8

N-I alwayé“be a large giantity in
the cases of interest to us. This m=2ans that the_sécond term iﬁ the logaritﬁm is
aluays the principai term. Consequeatly, the prineipal con:riﬁutian to the number
of collisions batween the electroun and ‘the ionskis>ﬁnde by the weak scattering --
scattering by sma1ll angles. ' In one such collision, the change in either the.energy
or in the electron momentum is insignificant. In fact, the fraction of the eaergy

lost by the glectroa when scattered by an angle 3 is 8, = 2m (1 - cos 9)/M. Consid-
J 4 b=y A

by a smzall ancle, on the order of ¢ we fiand
s =tTe min’




7.

2,173,

_./

(e <<1

N\

KQE]
i3

,
Ve
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Analogously, the change in the mos:ntunm is

/ézﬂl/

p min \' XT,

& =

o = Ip -pll / Ipl

%) <1

‘It must be emphasized that although the changé in the momentum in one impact is small,

the chz2nge in the energy is considerzbly smaller: Sklﬁp ~ m/M.

S:attering by 1a§§é anglés adds te the number of collision§ 6n1y a term of

order unity, which is snall comaarei with the main logarithmic term, A similar

correction in equllibrium plasma rcsults from an exact solution of the problem of

scattering in a Debye field.

Inelastic collisions betwean elactrons and ions, which lead to their exéita-

tion and multiple ionization, do not differ at all from fnelastic collisionsvwiéh‘

neutral particles, considered above. vawever, owing tc the large values of the

maximum 2lastic iwmpact parameter (3},,the role of inelastic collisioas is greatiy

reduced, Collxsxo1s of electrons zecompaniced by breimssirahluag, which is  of im=

portance at high eluctron energies, will not be cons idered here

Collis

4.3 Electron-Elcciron icns
The principal role in a collisica between an electron and ioas, as seen above
P » VCy
is played b" long-range collisicdns, which lead to weak scattering. - Both the energy and
the momeatum cf the électrons are changed oaly slightly by oze such collision. This

&
L

is the consequence of the singularizy of de
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not only 3 callisions between electfons and ions, but also to collisions bétweeﬁ
electrons z=d electrons. The diffe.ryence lies only in the fact that the fract#on
| of the e:eréf and the fractioﬁ of the momentum lost by the electron vhen éolliding
" with anot‘:xe.r electron is of the same ordef 51;/5;. ~ 1, whereas in the collisioa witb

the fon S, /S ~ m/M.
Kp

Thus, in éonside:ing the integral of inter -electron cbllisions, one can use the
T - differential expressions deiived'earlier for B, In addition, we can intégrate this

-expressicn over the scattefing‘angles“dﬂ (using the facftthat o(6,u) has a sharp

maximum at 3 ~ 0). . We then find thaﬁ tﬁe integrél of the collisions between the

electrons érg satisfied by the expression

_Bee = - div jV
where | ‘
j = = /1d§ viu) [Qz(f(v) Srad: 5 f(vvi - £(v,) grad _ E(v))
v iz N | vp o1 R

- alEw) @ ograd £ - £(v))(u grad | £

and v, is 2o velocity of the particle with which the electroan collides and

1
~» — . . . .
u ={v - v.L ©(u) is the number of collisions, vhere v must be replaced by u and
it : : B -
¥, by X_ = ¥; account is also taken of the fact that the scattering particles are
i = ' R
elactreons, I.2., that F{;l) = f(vl).

XN

- the integral o

g

Loz s consider nos B inter-electron collisions for the

ce
function 7, by putting f = fO(V) into the expression for the collisioa intrezral

zrizing over the angles, one obrains:

3
o]
£
ot
¢}
"
ty
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‘ . v -of
: 1.9 .2 , -9
Boo = = T35, VA (€0 vEy + A, () —51)

where

o
n
1

' of
1 9 (1 - cos? :
1 N L/n dv1 Vi avl (1 - cos 91) v(u)

= Adnv(y) -2
=N vy folvy) dvy
0 | '

AZ’_ %-\/‘ vi fo'(i fﬂccsz Ol) v(u)‘dvl .

v 09

by (v) 1. P Yy qv
w o V1St At f"’l Eg(vy) dv,

n

0 4

Here 91 is ﬁhe anglé betwéen‘ﬁ and‘vl, u=|v -'vll; when in;égratihg pvér‘thé angles
" we negiecﬁed the variatioa of theklbgarithmic‘ferm in v(u) “(compared with tﬁe varia-
tion of the principal term ~ 1/u3).v For fast electrons, whosé velocity V i; much
greater than the average velozity of thé plasna glec;rons, the cozfficients Ai and A2
assumara siﬁmle form: Al - v{v), and A2 = 2K v(v)/3mn, where K is the‘average energy

of the scattered electrons (in the case of a Maxwellian electron velocity distribution,

K /3a - KT _/m).

7.54.4 Inelastic Electron-Neutral Collisions ' .

~Inelastie collisions bztween electrons and neutral particles are accompanied by
the excitarion of rotational, vibratioad, or ckctronic levels, and also by ioaizatiea.

In addition, so called second-crder impicts are possible, in which the energy of the

excited stdate of the malecule is transferred te the incoaing electron.  Aa ekact czl-
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culation of all these inelastic processes is quite ym;iica:ed'; in #dditioﬁ, their
cross sections are kaown onlyx in a few cases. Therefcrz ;here is no complete thedry ,
of 1nclastic’ collisioas in which the problem is solved as accubfa:tel‘y as in the case
of elastic collisioﬁs. In spite‘ of thi‘s fact, it is possible to analyzé relatively -
simply two imp‘ortant limiting casvesv; specifically, wa ‘cénsider case.s'when the electron
‘energy ié considerébly gfeater' than the energy of tha wcx:cd level or the 1onizatio'1
energy (K >>'h u>), and when, to the’ co-':trar/, the elcc:ron energy is ’only slightly

higher than the excitation energy (K 'hw <\ K and pos:.nve)

In the former case the expression for the integral of inelastic collisions is
found in the same manner as for elastic collisions. It is merely necessary to con-

v sider that the energy lost: by the electron in inelas tic pact is consum=d essentially

in exc:ltation of the molecule and thls is connected suth a transfer of energy'hw
(thus, v' = v = hw/mv); in this case the neutral particle simi ly ‘goes from the ground

state into the excited state. We then have

kT 6f
a0 R S w0, .
(@ )inélastic = 9v2 ov Y% Tm ov? VEO
1, i
(@ )inelastic = Yo #1

Here Vs is the number of inelastic collisions accowmpunisd by the ‘excitation of a
.

quantum‘ku (as we shall call the transfer to the molecule of an energy ﬁ'i), consumad

in excization of somz level) , ' -

U ex N o
"':u("') = v.(ul‘n ) j :rw(v, -J) (1 - cus §) d

p
<
NG|




.
o
where QJ( ,3) is the diffsrzzcial effective scattering cross section in inelastic
0 . , : ' . .
collxsion ;m and N are thz number of molccu!cs in the ground and excited states

respectlvely. Furthermore, : (v) is the fraction of the enetgy lost per unit time

by the ‘electron to excitatica of a quantumfo . & o - , : ‘ :

o

an

5@ =2 W) ). f 5,18) @2

and T& is the effective tezperature

o

T_ﬁﬁm__*_\'___
2
%0 cex
m m

It is important to emphasize that in the case vhen the quantum‘hm is small not only
compared with the electrea eﬁergy, but also compared with the energy of neutral

-particles ¢ho << kT), aad if the neutra1 particles have a Boltzmann distribution

T e -

/Ng = exp(-hw/kT) (i.e., If the collisions with the electrons do not substantially
change the number of excitel zmolecules), then the effective temperature %n is equal

to the molecule temperature T

In ths second limiting zzse,; when the electron'enefgy is slightly greater than

the excitarion eaergy, thz c3iliding electron marelv goes from the region of large

energies into the region ¢ s:all energies (X ~ 0). Therefore at large energies
J.
£ o £ o= e o
& Tiner T VL T 3 g (v,0) i
B~ = - f
( )i“el -1

,d
(=
G




wiere v o is the total frequency of the excitations ofithe,lcvcl'hu-(it>1srassum3d
that Nex << N’ ) The fact that the electron cannot simply vanish but goes into the
regio1 of small energies (K ~ 0) is taken into account here by adding to the equatlon

for f, a d-function source of electiom, -Q5(0)/4nv R
: : : 2
where Q = dN/dt = én Jr v, fQ v dv.

We note in conclusion that in tﬁe genéral_cssé the Characseristis‘deéendcnce :
of the total cross sestibn'of the inelasfis collision on tﬁe electron‘energy is
such that the total cross sectio1 o(v) vanishes when K <'hw then it incteases,

 reaching a maximum X ~ (3 to S)iku, and then starts to dimlnish slowly. Since in

the average 1mpact K 3>'hm and the electron loses an energy‘hm, the electron in the

' most probable inelastic collisions loses a small fraction of its energy.

We noeé also that in ;hose cases when not oae but several levels hm can be

excited, we have B = qui’ It mist be taken into account also that some -of the in-
i S : . . '

-2lastic collisions ~- fonization and the effective recombination (recombination,
capture of electron by a molecule, etc) -- are accompanied by a chafige in the number
of electrons in the plasna. It is therefore nececssary to add in the collision

integral for the functioa EO the terms

w .
-ur(v) f0+~/ﬂ Vion(v"V) fO(v') vf? dv'

the firsc of which describes the effective recombination, and the sccond describes

fvnizatioa. Here vr(v) is the total recowmbination frequency
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and vion(y',v) = va"/“ qién(v',v,ﬁ) dn

is the ionization frequency; i.e., the numder of fonizations procducsd per second by
electrons of velocity v', which lead to the appearance of a new electron of velocity v,
: where‘haﬁ is the ionizatioa énergy. "These terﬁs qsuélly do not exert a noticeable’

influence on the form of the distribution function; they do'détermize; however, the

concentration of the electrons in the plasma. -~ . _




7.5. Solutions of the Boltzoann Equation

If a spherical ha_x;monic expansion of tZe electron distribution function is
V.E

made (i e., f= f + v ) the two Boltz:_:m equations for the zero and first
order distribution fz.nct:mns (taking into zccount electron-electron, elastic elquron-'

ion and elastic and inelastic electron—n:—.utral collisions) are: : . .

N
gl

2== 1 3 (2 ELAS, [k'raro"
(v’E.fl) == "‘E’VEla(U. + fJ}
INELAS

+ B (£,) + B (fo)

mc o

3 "
BolE) = +——{ LAI(fo)vf + Az(f) - ]

- 4WUSVZ i 2. . T
A4 =X Jo"1v Eylvyddvy ‘ 4

Ng S ol :
- Gv(v) } i - 2 . v3 N .
A Jo.l fo(\,l)dv1 + v .Vulfo(vl)dvl

2 3N
& = 2n
M
EL . o . s
v = electren-neurral elastic collision frequency
7. = electron-ion elustic collizf:= freguency
i
, - .EL3S, . INELAS
go0= 2 - Y. T .
i S
. ' . ' vy e . TREL.
-7 1s the total number of elaoctros Toilisions, where v (v) =
oL@ L EXCLTED ) | T 0r,3){1-cos8)dn
e ‘.(."‘-QL - .\:.!}L . 3 -“—-.




INELAS . . . e :
B {i,) is the collision integral for the function f,, which describes

o
=
]

cn

elastic collisions between electrons and molecules.

It should be brought out that the electron energy relaxation time is always
mﬁch greater than the momentum relaxatlon time. This impl;es that the relaxa—
tion time is much greater for the fqnc:ion fo than for»thc function fl. AS'a‘
consequence, the‘function f0 always‘changes méfe slowly‘with time than the func-

""""" - - tion £ H;nce, when the equatlon for fl is integrated with respcct to tlme,

1°

the functlon £fo can be con51dered time independent to a first approxlmntlon.

In the equationfor the function f,, the last term on the right side of the
: equation (B (;0) ), which represents electron-electron COlllSlonb, is' of the
order LR £, .uhere Ve is the:hter-electron colllsion frequency. The remainlng

terms, which describe the COlllSlOnS between electrons and heavy particles, is of

the order &v fo, where &6 = m/M, v = vEL + v, + VINELAS. Hence, the relatlon‘

between Vo and &v determine thé form of the function fo.' A highly ionized plasma

is characterized by the condition v >§6b; and a weakly ionized piasma by the

conditica ¥ <\"v(1n a fully fonized plasma; Ue'>> évi).

7.5.1 Hizhlv ioai:cd Plasma

hly ionized plasma (ve‘>> 5v), the form of the zero order distribu;
tion functica £, is s et by the inter-alectron collisions. The solution of tha gen-
eral Boloozann ¢guatlona may be obtained by the mgthod successiva approxlﬁhtlona‘
» +... where the zero order aéproxiﬁacion includes only interﬂl%étron
collisions, If th:‘Bolczmxnu cquations aiu solved for the zero order approximation,

£o5, Ome cizzins 2 Maxvellian distribution function in the case of o homogoncous
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plasma:

Vs m N 3/2

2

4

foo = N\anTé) P §- 2, |

The Maxwellian distribution bécomes established within a time 1/ve. ‘When

v, >> év this process is much faster than the process of transfer of energy &5

heavy particles, thig implies that f, is close to being Maxwellian.‘_

If the expression fo'= foo *

f01‘+;.. is substituted into the Boltzmann~:

equation for fo’ and then both sides are multiplied by 4ﬂv2'and integratéd with

respect to v, one obtains:

0o

INELAS, .

d ¥ 2 \ Jt 2 _

Ic (}n Jo v, d.yrf . 4ov” B (foo) dv = 0
If the Maxwellian diswribution is taken for f_;, then

e ,

dt * Evrec'_ vion] Ne =0

where
= V32 2, .2

) = '2 (B : i ‘ / 1S ! v ! < - my % '

Yion T4 £ LTt DA N ViV g vsv) exp {j 2kT_ g 4
and » ’

2
. i m \;/— = mvz
“rec A E kT J J voewpd - 5w Ur(v) dv
e o e ‘

13 N S BT B P s
In £he case o & acdal: ionl

squation for £ (siace v =< §v) and these co!

zed plasma, the collisions betieen clectronz azz
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sions may be disregarded in a first approximation. “.-y are even less signifi-
cant in the equation for fl since v, << 6v << v. Hence, the fanctmn f1 in a

homogeneous weakly fonized plasma (to Cer'-xs of order 3) is given by the expression

.

e o :
where u satisfies the equation: ‘ , : .

eE e
vat+v(u)u—m +mc [uxH]

u is the velocity of the directed motion of the electrca. If this expression for
£ is substituted into ;hé general Boltzmann equation, the following equation for

fo is obtained:

—o__1 38 2[ el kr ___.2652>__9.s. el
ot ., 2 avf (6 (vm + vi) m + Bm Jov e v(vm + I,’i)foJ *

N : A
BlstLnS
ne

(£o)

Depending on the relation between the time 1/v, ducing which the electric

field changes significantly, and tie relexaticn time for the function fO(T) ~1/8v,
we distiaguish here cases of slowly wvarying field (v << Iv, and rupid ones

(,L > §v) (the same as in the analysis of the elcctren zzzperature in elementary

i=

o

theory or in a stromglyv-ionized plasma)., In the fermar cise, which is qua

stationary, the dependence of [ on the tizme can be disrezarded; in particular,

this takes place mazurally in the case of 3 conslanl <izciric field. On the other
fand, for a vapidly alrternating elecoric field, » >3 1 the function £ ddes not
y o}
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have a chance to change as rapidly as the field;‘ic therefore settles at a eer:ain -
average level, independent of the time; and the variéble deviations from this

level are small,'of amplitude on the order of Sv/e (the same as the observations

of the’electron temperature in elementany theory)- Consequently, in both cases

we can neglect in first approximation the term of, /at and thereby get.rid 1n |
fact of the time variaBle. This allows us to find an analytical solution for the

~above equation for many 1mportan: cases: for elastic colllsiona, in inert gase,,
“and in a molecular plésme. We now proceed to analyze these solutions.
'7.5.2.1 Elastic Collisions
v e . . oinel e, . L
If all the collisions are elastic, Bne = 0. Therefore in a constant

electric field E we have, u = eE/mv at Ho = 0 and the above equation becomes:

2 2 df ‘
1 9 [ eE-N\_o ] .12 .2 -0
' Zav{ k& 3'.nv Jov + 8w, V2 o (VJV)
(Here v = v(v) = v;l + vi). Hultipl"lng this equation by v2 and integrating from
0 to' v, we see that jv = 0, since in the abSane of an el’ctron source [v Jv]v_ 0.

Integrating now the equation j, = O over the velocities, we obtain

CF

v
- . f0 = Cexp{-~- e — Y d; 5
. ~ 2e E7

2
3md v

We therefore obtain a Maxwellizn r..istribution in a weak field, but in a strong

field the distribution functicn ‘:o iy dmr or substantially from Maxwellian, since

pod
[
(%2

o




7 depends on v,  For e=aﬁp1e,’inbe strong electric field upon collision with
molecules - hard spheres = the function fo is determined by the well known
- Druyvesteyn formula

3m 6 4

£, = cexp{- 2,22 v
. 8¢ E

‘where L2=v/v(v) = 1/na2N is the mean free path of the electron, Ca constant
determined from the‘normaliZation condition, and the term’kT is neglected, this

is permissible for a strong field.

The Druyvesteyn distribution at large electron velocities differs greatly
from MaxWellian- it d:cps off much more’rapidly then a Maxhellian*one. The cal-

culatlon of the function f ‘with allowance for the exact dependence of the colli-

sion frequency and the velocity for dlfferent inert gases was made in references
7-10 and 7-11. The effect of a constant magnetic field is taken into account in
reference 7-12 [the magneticbfieid changes the velocity v(v), ‘and accordingly

_fo also changes].

We considerad above only the case of a constant quasi-stationary electric
field (x >> Iv) £fer 4z this case ve can neglect in firsc approxi-

mation the derivarive 5fo/§t. The function fo now assumes the form

RIS |

vy 13 g : . eel et .. et FiaTd T - = 2 -
Here che functiona T{v) without the magnetic field is equal to fx” + 2 (v) ! 7,




coszﬂ Sinzﬁ ‘ sinzﬁ
5 +

ov) = 5= +
R (R M T AL

H
amplitude and w is the fréquency éf‘thg alternating electric field. Such elastic

where B 15 the angle berween E and H,'w is the gyrpmégnetic frequency, E is the

collisions are produced in monatomic gases at low electron energies (up to 1 ev).




7.5.2.2 1Inelastic Colliéions in a Molecuvlar Plasza

A molecular plasma may Se définéd‘as one formed by diatemic or polya;c:!c‘gases.
In such a plasma, not only electrmic 1levels, but also rotational and vibrétional levbels
can be excited, the energy of such levels béing exceedingly loﬁ (bn 3‘10-2 to 10f4 ev
for rotational levelé, and he = 0;1 ﬁo 0.5 ev £§t vibratibnal levels). Hence, in-
elastiércolliéions in such a plasma becoTe important at‘éléctrﬁn energies‘ofiyhe
order 10‘“2 ev (room teﬁperatute). ' | ’ |
For a plasma composed ;f.a diatomic gas suéh as hydroge;; 6xygen,of nitrogen
at electron enérgie§ less than 1 év,the'principal roie is élﬁféd bylloséés‘dueltb
the excitaﬁioﬁ vaihx&ional levels. The éﬁergy of these vibrational léve}é’is §¢all
compared with fhg‘avétage electron gﬁergy. For such cases, thé integral for 1ﬁe1astic

: collision@ifof the function fo can be represented in the form:

R . o o,
inelas 1 _é 2 kT 0
l.3ne (fO) = 2 o 1Y Rﬂ(v) { m ov 'V EO]

where RH(V)'= Lr, describes the energy losses of electrons in inelastic cpilisioﬁs.

i "1 .
inelas a ' ' _ :
When this expression for B is substituted into the Boltzmann equation for fo

“for a weakly ionized piasma (ve << &v), it may bz shoen that *He resulting equation
coincides with the equation considered above for the case of elastic electron-neutral

collisions, It is merely necessary to make the transformation:

el : ‘
_ 2n _ 5e1(v + Vi) + RH

Yelas © m inelas ~ v

< 2nm

For the case of a strong constant electric field, inst:ad of a DrL)nesteyn distribu-

ticn which one obtains for the case of elastic electron-neutral collisions, the zero

.

or

er distribution function for a wmolecular plasma Is glven by:




¢

. 2 v
fo = ¢ exp ¢ -‘3225——5 /ﬂ-vz &(v) dv
B ) 2" E l» \0

- In order to obtain an explicit expression for fo, it is necessary to calculate the

function

) 'Sel(vel + vi) +_RH(V)
' S(V) = T V(V)

This may be found if the function RH(V)'= Z r is known. However, to find r it o B
. W, , . , w, ] ) %

o o | 1 % R i - E,

is necessary to know all the crdss sections of the various inelastié’processes. i ’ oK.

(7-13)

S=aton has calculated the cross sectioas for the excitation of electronic

(7-14) haé

- levels by electron impact for atomic oxygen and atomic nitrogen.‘ Meyerott
given the cross sections for excitation by electron impact of somz of the levels

of molecular nitrogen. The exchange of energy batween'electronsvand the rotational

(7-15)

motion of N . The interaction of the

2 hasvbeépidiscussed by Ger juoy and Stein
electron with the qua&rupole momantvof the ﬁoleéules’was cbnéidered. ZCiosed éxbres-
sions for cross sectioas for an electron producing a charge of rotaﬁional quantum °
number AJ = + 2 asifuncticns of J and of the ratio of initial and final electroﬁ
momanta are given. If it is assumed that the average electron>energy is much
’gfeater than kIg (vhere Tg is the gas temper;ture)f thg fractional energy loss per

collision may be regarded as s=all compared te unicy for most electrons. Under this

I

assumstion and assuming X, (the probability of the moleculs being in rotational




where Q@ = molecular quadrupole moment in units of = ag
Q = 0.96 for nitrogen
ay = first Bohr radius
(7 16) ~and Schulz(7 17) have shown that there 1s a strong probability for

electrons of 1 to 4 ev energy to lose energy equal to one or more vibraticnal quanta

1n'N2. These authors 1nterpret the process as the formation of an unstable N2- ion

which can decay into various vibrational levels of Nz Haas' eXperiment was eoo-

ducted with a swarm tube and demonstrated that the maximum of the cross section for

this energy loss process occurs at 2.3 ev and is about 3 x.lO 16 cm2 in magnitude.

. There is some evidence tnat electrons also excite vibratio1 in 0, at energies of a

2
few tenths of an electron volt. Because the investigation of this process by'-
mobility and diffusion processes is complicated by attachment, it is difficult to

assign cross sections to specific processes.

- Since the cross‘sectioﬁs for thé various inelastic précesées that may ogcur in a

(7-)

molecular plasma are not all well knosn, Ginzburg has adopted another method to

determine the total loss function
el . X
R(v) =5,(v " + Vi) + Ry (v) = 8 el v(v)

The fractica of the energy lost by the electron in a highly ionized molecular plasma

(5 _.) is related to the function R{v):

1i8




Hzre,
;1 . r,
Veff 1 - 4am 4 1n 1
5 =3 + T L/\ (£..) dv + (v - )T ]
eff el Vegs eff(Tg T) L3Ne 00 fon "~ VYrec’ ‘e

v -2 —Ln_\:;/z‘fmv(v) vt tlaxpv- my” dv’
etf T\, g 2T

The above relation may be considered as én'ihtegrallequationlfor R(v), since the

" product v )

eff eff(is known £rom experiment.' OHCGFR(n) is détermlned, 5(v) = R(v)/v(v)

is known. The results of such a calculatlor fer hydrogen, -oxygen, nitrogen and air

are given in Figure 7-1.

If the calculations fbf‘s(v) are substituted into the expression

fo = ¢ exp vdv —
- ; kT + (: Z) o (v)

the distrlbution function for electrons 1n a molecular plasma is determined.

"The results of this c#lculﬁtlon for clectrons in hydrogen in a high ffequency
~electpic field are shown ia Figure 7-2. The ordinates represent -vz/v2 where v2==2KVm
is the mean séuare electfon velocity. The dottedkline represents a Maxwellian dis-“
tribucion (the distribution would be Maxwellian‘if ¢ were independent of v, as it is

for elastic collisions). It may be noted from Figure 7-2 that for electrons in H,,

the dcvxatlons of the distribution fuanction from Maxwellian are not large.

(7-18) .

Racently, Caldirola has determined the velocity distribution function for
electrons in a spatially hemogeneous slightly ionized plasma uader the action of a

constant magnetic £ield (i.e., that of the Earth) and an alternating electric field
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(the tim2 varying magnetic contribution to the force exerted on an electron is

assumed negligible compared with the electric one); -Caldirola'’s expansion of

the distribution function is similar‘toAGinzburg's('-7)t;eathént, where an

"effective" energy loss for electrons by collisions is written S

eff RG)
37w = viv)
Caldirola takes into account ionizing and recombination collisions under the »
assumption that steadyvstaté conditions pertain (which is accurate for the excita-

tion of an airglow, but'inapplicable for RF bréakdown): _

: f (gFeson Bioniz) a3 To0

Caldirola has given the following expression for the inelastic collision integral repre-

senting idnizing collisions: o ) ‘ o N

fon ' i oo o e Vg

Ben = -vi(v) flv,e) + q Vi(vi) ~ f(vi,t) + 7 vi(yi) > f(vi?t)
where vi(v) =N, voa,

N, = number of molecules per cc

- 2
v, = {gv7 + 2 e /mif?
i i -

~ ~ 2 1/2

\7 -~ {pv" + 2 ei/m)

ei = fonization encrgyv

5 aad 5 = 5/l-n are the paramaters determing the energy distriburien between the

"
2]

TArY s

senttering and sccondary electrons.




Carleron and “eg111(7 19) ha

ve nn:erically computed solutions ofvthe Boltzmina .
equation for the electron energy distribution ia w2akly ionieed air. ‘They have rade
the following aséump:ions: |
(1) Thot the partially fonized pldsmn is situated in a static magnetic field.
(2) That an aleefnating electric field exists with eleetrie veciot pe:pendieular
‘to]the magnetic field; } |
" (3) Thae>the‘gas is homogeneous and the fields uniform in space.
%) ane degree of ionization.is weak enough ;o tnat electron-electron and
| ‘electron-ion.collisions are negligible.e
,tS) The fields are such that the average eleetron energy is mich largafthan the
:thermal energies of the gas molecules (and that heating of the gas by the |
‘electrons is negl ible). | .
(6) That ionization and recombination collisions are negligibie.

(7) That electrons may lose'energy in elastic collisioas and may excite rotational

» vibrational, and electronic degrees of frecedon.’

a- 19)

. Carleton and Megill describe the various elastic and inelastic energy
loss.processes by employing the kaown experimentalicross.sections Thevgaé was con—
sidered to be composed of Nz, 02 and O in proportlons corresponding to an altitude of

about 100 km. The cotal electron velocity distribution function was expanded in the

form

£(v,t) = £,(v,©) + (JE) £, (v,e) + v+« @ xB] £,(v,t)

where fl and f, provide bulges on the distribution in the directions pzrallel to the
electric field and to the Hall drift, respectively. Their final result for the

electron distributios functioa exhibits a small hump on the calculated curve near thz

origin, which was due to the error introduced in the approximation which treats th
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, ..
¢ ro'.:-ttional cross section as a steé function at 0;02 ev, It; is claimed tﬁat the
calculated curve is inaccurate bayond'l; or 5 ev because i:igher:' lying states ﬁave
not been included. If such hig'l\"éi'- VIYing':vsta‘té.sf 'héd 'be‘e.trl'in‘cl-;xc.le::l‘, the calculated
. "; , cur;'é would have remained beilowi the Druyvesteyn distribution, instead of riéiﬁg '

above it., It is definitively demonstrated that the resultant distribution differs

greatly from the Maxwellian over the electron energy range 2 to 9 ev,
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8. Breakdewn in a Spherical Cavity by 2 Remote ‘RF Antenna

Of the several expériﬁénés on ff»b?eakdpﬁn curteﬁtii being per-
formggémthat employing an external rf sourée and a transparent spherical
cavity most nearly:approximatés the géome&ry of the realycase.of break-
down in the atﬁosphere produced by a focussed gfound‘antehnaé: Hoteoﬁer,'
because of the lack of modg egcita;ion tand fhe transpafgnt‘enclosure), |
it is relécively Simple Ed exténd thg'stppe>of theég experimeﬁts to

include impurities and even solar radiation (according to our information

First, ‘the

combinations of

on the solar flux at the various altitudes). For cavities large enough
to avoid or inhibit the contributions of wall effects, the simulated solar
flux will provide atomic species which are impossible to reproduce in

most cavity work, but which are a fixture of the upper atmosphere.

It is to be emphasized that‘the results of tﬁe remoté antenné“
breakdown éxperiments differ ffom those of ;omparable exéériments
employing microwave cavitieé. However, circuﬁsﬁances have'dicfated that
no intensive effort be made to date to set up‘a detailed théory accountiﬁg
for tHé‘obgervations;' As a resﬁlt of the special advantages of this
’particﬁlaf>ébnfiguratioﬁ ( a mcdulated conical geometry),‘we sﬁggesf a-

two-fold progran.

C

experimental work should ba extended so as to include all
pure gases, mixtures of gases, varying pressure, and.

radiation. o o . o , o

attemptr should be made to employ the Boltzmann Equation

® 9




to solve the time sequence of events leading to breakdown. Of course,
this second pért will be difficult, but for the first ticie, there will

be available reliable numbers from an ekperiment with a simple and

- pertinent geometry.




9. A Direct Measurerent of RF Breakdown in the Upper Atrmosphere

It has been pointed sut that'théfé>arévﬁwd'555ic obstacles to the
solution of the breakdown problém in the unbounded ambient atmospheric

environment. These are:

1. The simpiified phenqmenolbgicalbﬁheﬁryvfails in thé»low.prcssure
racge even for pute¥gdéés, | o
- - 2, The éffécf§ of an altering compbéitioh (thié éaréméter is not
well knownvébove balloon heigﬁts), solar flux, etc. cannot be teliéﬁ;y
inciuded in either thé siﬁplified theory or té date in'thé more geéeral
Boltzmann épéroagh.  c§nse§ﬁént1y, it seems that“a direct méasureheﬁf
upon thg ri powef required for breakdown be madé in the atmbsphére;say,

in a parallei plate experizent. °

Two véhicles, ballooas ahd‘rockets, immediately‘suggeét.ﬁﬁemselygs;
and each has its aanntages and disadvantages., fhé two basic parameters
of the veﬁiclé are Lifting caéability (thgreforé altitude) and.velocity
with respect to the ambienz atmesphere. Present ballbon capabilities are
linited to loads of 1000 ibs ar 100,000 ft (30 km), wﬁéreas boosters are
avzilable to send 10 teus o §uch an alrtitude. On the othef hénd, large

relative velocities between tho carrier and the environwent may lead to

scme complicarion in the Izmzerprotation of the experiment. Actually, it
Is anticipated that this effzct bz small particularly for pulsed break-

=)
o
~




Time does not permit an examination of the load required to pro-

vide rf fluxes of the order of 107 watts/ng But, it is strbngly éuggested
here that a detailed and thorough feasibi;ity study be made if it is
considered that exact information on breakdown thrésholds in the ambient

atmosphere is required,
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~10. RF Breakdown in Perturbed Atmospheres

Once the problem of rf breakdown in the ambient upper é;ioépﬁéte is
solved, attention will bé focusséd'upon‘the obyidus»sequei, rf breakdbwn
in pértufbed atmospheré; Here, there will be two general’types of
perturbations to be cbnsidefed; namely, cﬁemicél seeding and nuclear

" detonations.

In regard to chemical'Séeding, there will agaiﬁ be two basically

different chemicals to be considered. Particular éhemicais have abnormallyv

~large (eiectron) attachment cross séC;ions and therefore tend to inhibi;
breakdown. The halogens, heiafluoridgs, etc. belong ﬁo this class of
subétahces. _There will be a sgcpnﬁ‘class wuich~cén IQWeEﬁthe B;eakdﬁﬁn 
threshéld beéauée of inherently lower ionization potentials. The alkali
metals”are gOOd exampléé_bf these electfdn-givefs.

The nuclear detonation - particularly at high altitudes - produceé

“ oy

a radical pe;turbétion of fhe environment over extensive volumes of

the upper atmospherc. The basicvdiffe:Ence between tﬁe chemical seeéing
and the nuclear detonation is that in the latter éasg the petturbétion

is produced by'radiation>ratﬁer than an injected impurity. Nevertheless,
the detenation in addition to the dominant effect.of an iﬁcfeased electron
density (and thereiore a lower bfeakdown field) can rasulct in ankalterﬁzicd
of the composition through such processes as éissccia:ive raco:?ina:i:n

and subseguent atcm-ion or atom-atom reactions.

[
"
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No attempt is made here to more than delineate the gcnnral prob!c:

and suggest that some cons1derat10n be given to thxs ‘area in thc futurc.




